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CEJAPTER '1 
Introductory Survey 
1.1 The Underlying Theme 
The crystal and molecular structures of five com-
:pounds are scribed this thesis. Of the five, one 
is the organometallic cobalt carbonyl cluster compound, 
bis(methinyltricobaltenneacarbonyl), [Cco3(co) 9] 2 • The 
other four are wholly organic and are classed as all 
'light atom' structures. 
The compounds studied were chosen :primarily 
because they were suitable subjects for the use of 
:particular c~~iques of structure analysis which were 
new to this laboratory. Therefore, although each has 
considerable intrinsic interest, the five compounds are 
not in fact chemically rel ed. 
The techniques referred to requir the phasing of 
observed structure am:p tudes using direct methods 
which involve statistical analys®s of the X-ray 
reflection intensities. It was intended to develop 
practical :procedures for a:p:plying these direct methods 
to crystallographic problems in this laboratory. 
This aim has been achieved as the symbolic 
addition procedure and the tangent formula have been 
used in solving:all the structures reported here. 
2 
1.2 Structural Study of Bis(methinyltricobaltennea-
carbonyl) 
reported by 
Allegra~ Peronaci Ercoli who it by·warming 
bromomethinyltricobalt enneacarbonyl, [BrCCo3(co) 9], in 
anhydrous toluene. They assumed t was a dimer 
containing two connected- cco3(co) 9 s of the type 
2 characteris CH3cco3(co) 9 A number of 
further products of the reaction be en YCCo3(co) 9 
(Y = Cl,Br) a~d arenes have been iso ed, and 
cturally charact sed3-7, and have proved to 
be ba'sed on the - cco3 (CO) 9 structural containing a 
CCo3 tetrahedron. Study of the geometries of 
e molecules po to the de lity of a 
precise structure determination of [Cco3(co) 9] 2 • The 
two Cco3 tetrahedra have been found to be linked 
through an extremely short, formally 
carbon bond. 
e, carbon-
1.3 Structural Study of a Cyclohexane Diol 
During the course of chemical es within this 
artment, other workers required 1,2-cis-diols of 
4-!-butyl-cyclohexane. Oxidation of 4-t-butyl-cyclohex-
1-ene with KMno4
8
resulted in the formation of two 
cis-diols (I and ). 
OH 
t-Bu 
OH 
I II 
The similarity of the proton magnetic re.sonance 
of these two compounds and the failure of several 
ectra 
attempts to ident them by chemical means necessitat-
ed an X-ray structural analysis. The minor product 
from the oxidation (MP 73-75°C) was chosen for 
analysis as exhibited better crystalline properties. 
With four molecules in a triclinic unit ce this 
problem appeared to be well suited for the symbolic 
addition procedure. The stereochemistry of this 
compound had been tentatively assigned as 
4a-t-butyl-cyclohexane-1~,2~-diol( ). The structure 
- ' 
has been found to consist of aggregates of four 
molecules hydrogen-bonded together to form discrete 
chains parallel to the crystallographic c axis. 
4 
1.4 Structural Study of Two Cyclic SulQhite Derivatives 
of S-pinane 
Reaction of (~)-106-pinane-2,3a-diol (III) with 
thionyl chloride9 gave a mixture of two cyclic 
sulphites, separable by fractional crystallisation. 
III 
, 
, 
,OH 
Both isomers (A, M.P. 50-52°0; B, M.P. 102-103°0) 
could arise if the 106-methyl group were cis- or trans-
to the exocyclic sulphite o~ygen atom. 
An optically pure sample of isomer B was prepared 
by fractional recrystallisation and determined to be 
pure by proton magnetic resonance spectroscopy. This 
compound was used to test procedures in the application 
of direct methods for non-centrosymmetric crystal 
structures. A preliminary report10 on the structure of 
isomer A has been published and its structure was re-
determined to obtain a result of comparable accuracy to 
isomer B. The two isomers were found to differ only 
slightly, apart from the geometrical isomerism which 
5 
was due, as expected, to the erent configurations 
of cyclic sulphite moiety. 
1.5 Structural Study of a Cyclohexane Dione 
Proton magnetic ,resonance studies of enzyl 
dimedone had cated that both methyl groups were 
equivalent and abnormally shielded, sumably by the 
close proximity of benzene 11 s The suggestion 
had made that this effe was due to two inter-
converting conformers (IV, V). 
1 ~·Ie 1v 
IV 
this were the case the relative po tion of the 
benzene s would be unchanged. inspection of 
models showed that 1 relationships of Me -to A in IV 
V were the same as were 2Me to B IV and 2Me- to B 
1Me to A V respectively, thus account for the 
equivalence of the Me- signals the proton magnetic 
resonance spectrum. Similar arguments were used to 
account for the equivalence of the four ring methylene 
protons. 
However, st c eractions between A ana parts 
the molecule in , and B and parts of the molecule 
in V seemed to be excessive (front models). Thus a 
structure determination seemed desirable to show the 
arr~~gement of groups so that the abnormal shieldings 
could be accounted for. 
6 
The structural study has revealed that the stereo-
chemistry of the phenyl groups is different from that 
suggested. 
Experimental Procedures 
This chapter outl s the procedures used for the 
collection of all X-ray diffraction data, including 
intensity data and subsequent processing of this data. 
2.1 Data Collection 
The machine used for data collection was a Hilger 
and Watts computer-controlled four-circle diffracto-
meter. Practical work on the diffractometer f l into 
two main sections: first, the determination of crystal 
orientation and inement of unit c and crystal 
7 
orientation parameuers; and second, the measurement of 
reflection intensities. Crystals were mounted on 
goniometer heads in random orientations to minimise the 
incidence of multiple reflection12 • For those compounds 
which were stable in air at room temperature samples 
were glued directly onto a glass fibre fixed to a ad. 
In two cases samples which were not air stable had to 
be sealed within Lindemann glass capillary tubes which 
were then glued to the heads. all cases efforts 
were made to ensure a rigid mounting. Before work 
commenced on the diffractometer preliminary diffraction 
photographs were recorded to determine approximate unit 
8 
cell dimensions and possible space groups. The orient-
ation of the crystal on the diffractometer was deter-
mined from the setting angles of two reflections which 
had been absolutely indexed on a precession photograph. 
Unit cell and crystal orientation parameters were 
refined simultaneously by the method of least-squares~3, 
using as observations the setting angles (w, 28, and·X) 
of up to twelve reflections. These setting angles were 
obtained in one of two ways. Initially the procedure 
used was that of Busing~ 4 , where each reflection was 
centred in a ~.5 mm diameter diffracted beam collimator 
by manually varying w, then X then 28. Reflections 
were chosen and centred in such a way that the value 
for 28 was obtained from the Ka~ peak. At a later 
stage a routine was established in which the centring 
of a series of reflections was under the control of the 
computer. The procedure used here was different from 
that of Busing, in that the angles varied were ~' X and 
28, for bisecting mode geometry (8 =w). The size of 
the diffracted beam collimator used was larger (3.5 mm) 
which precluded accurate resolution of the Ka~ and Ka2 
peaks; hence the wavelength used in subsequent refine~ 
ment of unit cell parameters was Ka, the weighted mean 
9 
The refineQ_ parameters o"btained following least-
squares treatment of these observations were considered 
to be satisfactory when no difference between observed 
and calculated angles for the twelve reflections 
exceeded 0.03°. This precision was usually readily 
achieved. 
Neither the X-ray tube take-off angle (3°) nor 
source to crystal distance were changed during crystal 
alignment. Crystal quality was checked by determining 
the mosaicity, expressed as the width (in degrees) at 
half-height of strong low angle reflections recorded 
with open-counter w-scans1 5. As the tube take~ff angle 
was fixed at 3° the values for the half-heights 
obtained were larger than those normally obtained at 
lower take-crf angles but values of 0.08-0.15°·were 
acceptably low. 
Intensity data were collected by the e-28 scan 
technique under control of the computer. The incident 
beam was filtered with the appropriate ~-filter. The 
~ 
scans were symmetric and centred on the peak position 
calculated from the wavelength of K~ radiation. They 
were composed of steps of 0.02° in 28 and 0.01° in w, 
and suitable scan:widths were determined experimentally 
for each crystal. 
10 
Stationary-crystal, stationary-counter background 
counts were measured at each end of the scan, with 
total background counting time approximately one-half 
the total scan time. The distance from the crystal to 
the receiving aperture of the diffracted beam collimat-
or (DBC) was permanently fixed at 23 em and all 
intensity data were collected, using a 5.0 mm DBC. 
For some data sets coincidence losses in the 
scintillation counter were significant for some 
reflections. For these the scan was repeated with the 
incident beam attenuated with nickel foils for which 
the attenuation factor was subsequently determined. 
2.2 Data Processing 
The method of data processing was similar to that 
of Corfield, Doedens and Ibers16 . Background scatter-
ing was considered to be a linear function of G 
throughout the scan range, so that 
I= C- i(tc/tb)(~1 +~2 ), where Cis the scan count, ~ 1 
and ~~ are the first and second background counts, and 
tc and tb are the scan and background counting times. 
The estimated standard deviation (e.s.d.) in the 
intensity I was computed as 
11 
where 'p' is a factor introduced1 7 to avoid overweight-
ing strong reflections. Values for p ranged from 0.05 
to 0.075 and were determined by analysis of the agree-
ment between observed and calculated structure factors 
towards the end of each refinement. In all data sets 
weights were adjusted so that the function minimised 
showed as small as possible systematic dependence on 
IF0 1, sin 8/A and reflection indices
18
. The weights w 
-were taken as 4F0
2 /[cr(F0
2 )J 2 , and were adjusted by 
varying the value o~ pin the expression for cr(F02 ). 
Normally, a number of reflections were observed 
more than once. This was either due to a machine mal-
function or because more than one equivalent member of 
the form was collected. 
Values of F2 for these data were taken as the 
weighted mean of the individual observations. The 
2 
e.s.d., cr(F) was taken either as the average of the 
individual e.s.&'s of equivalent reflections or as a 
2 . 
value estimated from the range of F values of equi-
valent reflections, whichever was larger16 • Finally, 
1 
all e.s.d.'s were multiplied by (N/OBS) 2 , where N was 
the standard number of equivalent reflections measured 
. 19 
and OBS was the number actually recorded . 
Absorption corrections could be applied at this 
stage with a spherical approximation to the crystal 
'12 
--shape, or . applied at a later stage, using Gaussian 
integration. Input.to the absorption program, DABS, 
consisted of the indices of the boundary faces of the 
crystal with perpendicular distances of these faces 
from an arbitrary origin in the crystal. Checks could 
be made that the size and shape of the crystal were 
correctly defined by plotting the calculated points o£ 
intersection of all the boundary faces. This was a 
standard procedure. 
CHAPTER III 
Solution and Refinement Procedures 
All structures described were solved by the use of 
direct methods, the symbolic addition procedure (sum of 
angles formula in the non-centrosymmetric case), the 
tangent formula and Fourier syntheses. They were 
' 
refined by full-matrix least-squares techniques. Some 
details of these methods are outlined in this chapter. 
3.1 Normalized Structure Factors 
Normalized structure factor magnitudes, IE! are 
calculated in such a way that 
They are define-d by the expression20 
2 1 
= [ ~(si; e) JF!Fol 
'r I: fi sin 8A.-1 
IE! 
( 1) 
(2) 
where 'r is a factor to allow for systematic absences, N 
is the :q_umber of atoms in the unit cell, each with 
scattering fi. K(sin2 e) is the normalization curve 
--which places IF 0 I on an absolute scale for point atoms 
at rest. It is ob~ained from the expression; 
(3) 
where A0 and·A1 are defined by the Wilson plot method
21 
using the express 
R N 2 8/\-1) q < I: m't I: fi sin 
loa> . R oe 
1Fol 2 > q < I: m 
= Ao + A'1 <sin2 e> q (4) 
H. is the er of reflections range q, m is 
multiplicity 
An overall 
the other terms are as defined 
otropic tempe e factor, B and 
an overall F 0 ..;..sc e, K' , can then be obtained: 
2 B = A1 . A /2 (5) 
K' = exp(A0/2) ( 6) 
3.2 The 2:: 2 Relationship 
To implement of the phase determining formulae 
it is necessary t9 obtain a listing of triplets of 
ections which satisfy the 2::2 relationship
22
, i.e. 
= ·h-k + k 
This list is re 
those data with lEI 
estimated by exp 
are used to impl 
(7) 
, as interest concentrated on 
ater than some minimum value,· 
ence,. and usually '1. 5. These tripl s 
the relationship 
I: 
k r 
E k 
where s means 11 sign 11 and the sum is over a re 
ed r. This the basis of symbolic 
:proc for centrosymmetric These 
are so used in ementation sum of angles 
formula20 for noncentrosymmetric als 
3.3 
the average is again tru~en over a restrict 
and cph is the e angle of the reflection 
20 The Tangent Formula 
For both centrosymmetric and noncentrosymmetric 
crystals 
z:: I 
k 
'15 
(8) 
ets 
(9) 
r 
~ jEkEh-kjcos(cpk+cph-k) 
r 
( 1 0) 
3.4 Procedures for Phase Determination 
3.4.1 Centros~~etric crystals 
symbolic addi on procedure20 was used, as 
app:(.i by program Three operations are performed; 
s ction of origin-defining reflections, the estimation 
of tentative signs, the determination of final 
16 
The origin.of a centrosymme c crystal structure23 
is fixed by spe the structure factor signs 
three, two, one, or zero linearly-independent lect-
ions, according to the e of space group. In making 
us 
se assigr~ents the largest suitable 
The choice will also be partly det 
should be 
d by 
extent to which a particular reflection enters into 
triplets, as determined the relationship. 
After the phase spe cations which the 
origin .have been made, some tional symbols are 
assigned in a -wise hion, as required, to other 
e lEI reflections which enter a er of 
re onships. The of other lections are 
determined gradually, succes cation of the 
relationship, and the estimated gn or symbol is 
accepted only when corresponding sum given by the 
expression 
(11) 
where 
N 
a =I:Z.n 
n J. ( 12) 
is above a cified 
Attempts are then made to evaluate signs of 
the symbo , by comparing the accumulated sums given by 
'17 
expression (11) for all the possib symbo If there 
is a consi ent indication from several reflections 
that one of the symbols or symbol oducts is equivalent 
to one of the signs, then the absolute value of the 
symbol determined (either+ or-). The final sign 
of each lection is determined by substituting the 
of the symbol and adding the sums by the 
expres on ('1'1). The final sign is accepted only when 
the total sum is above a minimum acceptab t. 
Using the lEI whose signs have been determined, 
Fourier maps are calculated with these lEI as 
co cients, generally using ten to een of 
large independent lEI per atom in the asymmetric unit. 
In a correct E-map the top peaks will give a chemically 
reasonable structure, although variation in the of 
one or more of the symbols may be required before the 
correct structure is revealed. 
In some cases, the tangent formula can be used to 
increase the number of reflections whose signs have 
been determined for inclusion in the calculation of the 
E-map. 
3.4.2 Noncentrosymmetric crystals 
The procedures used are similar in some respects 
to those used fgr centrosymmetric crystals. The origin 
is specified in the same way, and in addition, the 
,' 
18 
enantiomorph has to be defined24 , 2 5. The enantiomorph 
is determined by the assignment of a sign to a particul-
ar linear combination of phases which satisfies the 
definition of an invariant (or semi-invariant, when · 
. t )26 approprla e . The magnitude of this linear combinat-
ion of phases must not be near 0 or TI· 
The sum of angles formula (expression 9) is now 
used to assign some additional symbols to other large 
lEI as needed, which enter into many combinations as 
required by expression (9). This formula may now be 
used to determine the phases of a majority of the 
remaining large- IE I in terms of the phase specifications 
and unknown symbols. The restriction to large lEI 
ensures that the probability of a phase assignment 
made at this stage being correct, is acceptably high. 
Trial numerical values are assigned to the 
unknown symbols and the tangent formula (10) is used 
to refine these phases and to estimate new phases in_a 
reiterative procedure. That is, knowing the phases of 
reflections k and h-k it is possible to estimate the 
phase of reflection h. The number of triplets is 
initially very small, i.e. one, and such a determinat-
ion is termed an extension. However·, the number of 
known phases quickly increases, hence increasing the 
number of contributors to expression (10)~ It is 
19 
usual practice to include only reflections with high 
[E\ values at the initial s es and then increase the 
number of contributors by lowering the threshold as the 
ensions progress. This procedure has the advantage 
of ining the phases of the stat tically more 
reliable refle ons before they are us to phase 
lections with lower [Ej values. 
the sum of the squares of quantities 
[Ej cos and [Ej sin <ph, obtained from the numerator 
and denominator of expression ( 10)' are 
matching the average to the average of 
ding set observed 2 JElobs values, 
calculat jEj2 values is obtained. 
l l t R . d 20 d ~· d b to ca cu a e an -ln ex eLlne y 
2: l!Eiobs- [Elcalcl 
kr 
a s 
A value in the range 0.2-0.3 for this R 
le to a correct solution. 
sc ed by 
the corres:pon-
of 
se can be used 
(13) 
ll usually 
applying the tangent formula a number of sts 
can be used to ensure that phases ch have 
abnormally will not continue to be used in t phasing 
process. The principle test is .to ensure that 
calculated normalized structure factor is greater than 
a specified ace tance limit. A value of 0.4 or 0.5 
for the acceptance limit is usually satisfactory. A 
second te is to check if during e successive 
20 
iterations each of the incremental changes in phase 
does not exceed a specifi maximum? usually about 0.7 
31 This is to reduce the effect of individual 
phase oscillation. In centrosymmetric space groups 
and in some zones &~d lines of noncentrosymmetric data 
s s, phases are restricted to values of 0.0 ·or 1.0 
, or 0.5 or 1.5 11 A further check can be 
made to see the phase of a reflection which longs 
to one of these c ses is within a permissible range 
of the restricted value. This specified range is 
usually out 0.4 ~ A final test can be made 
by checking the number of contributors to a phase 
assignment. For the centrosymmetric case, a minimum of 
two is usually satisfactory. However, in noncentro-
symmetric case this limit sometimes has to be lowered 
to one the early s and increas to three or 
four later in the extension process, after sufficient 
phases have been assigned. 
The calculation of the E-map is same as in the 
centrosyoo~etric case. The number of input data is, 
however, usually greater. In maps which are incorrect, 
only parts of tpe structure may appear and, in general, 
2'1 
the arrangement of peaks does not make good chemical 
sense. A parti structure can be used to provi 
starting phases 
procedure27. 
the tangent formula a cycling 
3.5 Structure Factor Calculations and Least-Squares 
Refinement 
Positional parameters of atoms, located by 
inspection of E-map, ong with thermal parameters 
were by full matrix ast-squares method. 
Further atoms were cated from difference Fourier 
syntheses and least-squares procedure repeated. 
where 
The general expression for structure factor is 
N 
F (S) = 
c .. 
(S) is 
.(s).T.(S).exp(2n.sr.) l l . l l ( 14) 
atomic scattering factor, T.(S) is a 
l 
f~~ction describing the thermal motion of the atom 
nucleus, is the vector represent position of 
atom i 1n the unit cell and S is the scattering vector. 
Struc factor calculations as performed by program 
CUCLS use approximations for first two components 
of expres on (14). 
(1) fi(S). Tabulated values of atomic scattering 
factors, calculated for a hypothetical atom the 
ground state and with a spherically symmetric· ectron 
density were used in all cases. These atomic 
scatt factors were taken from the tabulations of 
Cromer and Waber28 or of Cromer and Man.:.'1.29, but those 
r hydrogen were taken from Stewart 30 if he 
ects anomalous dispersion were allowed for with 
corrections made to F 3~ in 
c 
following way. If f 0 
the normal scatt factor, that for an anomalous 
scatterer may be written as; 
f + D.f' + illf!l 0 ( 15) 
The anomalous dispersion coefficients, llf' and 6f 11 , 
were taken from Cromer's tabulations32 . In one case~ 
this effect was used to 
molecular configurations33. 
sh between absolute 
(2) Ti(S). The assumption is that atoms are 
vibrating in a harmonic pot eld, either iso-
tropic or anisotropically. The expressions used 
for Ti(S) are; 
T.(S) = exp[-iB(2 
l 
( 16) 
for the isotropic case where B 
mean square amplitude of vibration. For the anisotropic 
case the expression used is; 
( 17) 
where the . are now the thermal parameters express 
J 
of mean-square amplitudes of vibration in 
angstroms *,.....a. 
Structure ractor and refinement calculations 
described in this thesis were based on F and the 
quantity 'Ew( IF 0 l minimised. The weights 
w, were taken as The conventional R 
23 
factor, R1 , and the weighted R factor, R2 , are defined 
as: 
( 18) 
( 19) 
3.6 The Patterson Function 
The Patterson function34 , co~~only written in the 
form of a Fourier series; 
P(u,v,w) v-'1 L, 'E E [F(hkl) [2cos 2n(hu+kv+lw) 
h k l 
(20) 
shows maxima corresponding to .interatomic vectors 
between all pa s of atoms at (u+x,v+y,w+z) and (x,y,z) 
in the unit c l. For a structure containing N atoms 
per unit cell, the Patterson synthesis wiil show 
peaks, of which N wi be vectors of zero length from 
each atom to self. A,peak corresponding to an 
interatomic vector between syw~etry-equivalent atoms is 
termed a Harker peak35. These p are cone ed 
Patterson space on Harker sections36 and 
lines. This arises from space group symmetry, in 
symmetry elements l screw axes or ide planes give 
rise to interatomic vectors ~ith one or two const~~t 
coordinates. These canst values are the same for. 
all atoms in the unit cell. 
3.7 Difference Fourier Synthesis 
T s may be expressed the form 
~p(xyz) = 2V-1 E E E ( \F0 \-IF !).(cos a cos 2n5 h k l c c 
+ sin ac sin 2n5) (21) 
where ac is the· phase of Fe' and 5 + ky + lz. 
of h, k or l runs from 0 to oo (on the assumption that 
Friedel's law holds) and the other two take values from 
-oo to oo. so f~r as the phase of Fe is a valid 
approximation to the phase of F0 a 
synthesis represents the difference 
erence Fourier 
el ectro2:1 density 
between the actual structure and the model used to 
calculate Fe. 
The function was evaluated within the unit cell at 
discrete sampling points arrru~ged in a regular lattice 
and with unifor? spacings (about 0.3~) between points 
lel to each cell axis. 
FOURIER was usually repres 
erpolated pe po with 
output from 
as a list of 
based on an 
arbitrary normaliz scale. Alphameric plots and con-
toured maps were optional. 
CHAPTER IV 
Crystal Structure of 
Bis(methinyltricobalt enneacarbonyl), [Cco3(co) 9_}2 
4.1 Experimental 
compound was prepared by Dr B.H. Robinson, 
University of Otago, from BrCCo3(co) 9 ~~d toluene us 
1 
the hod previously reported • Dark brown crystals 
of an irregular shape were obtained by recrystallisation 
frow. solvent. 
Crystallographic Data- Co6c 20o18 F.W. 881.8 is mono-
clinic with a= 16.268 (3), Q = 9.450 .(2), c = 
18. 9os c 4) 1\, ~ 106.79 
2.10 (2) g cm-3; d 
-calc 
-1 
em 
·o 0 3 (2) ; V 2801 A ; d ~ 
- -o~s 
2.09 g cm-3; ~(Mo-Ka) = 13.5 
Systematic absences occurred for h k 1 reflections when 
(h+k) was odd and for h 0 1 ref ctions when 1 was odd. 
Possible space groups were therefore Q~h - Q 2/c or 
c
4 
- Cc. The centrosymmetrical space group C 2/c was 
-s 
indicated both by ensity atistics of the full data 
set and also by the distribution of peaks in a three-
dimensional Patterson map ru~d was confirmed by the 
subsequent successful structure solution and refinement. 
This space group required molecular symmetry Ci -1 or 
c2 - 2. 
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cell dimensions and ir e ed .standard 
devi ions were obtained at room t erature (23 ± C) 
with Mo-Ka1 , radiation (A= 0.709 ) us the least-
squares procedure de ed in Chapter 
experimental density was determined using a calibrated 
density ent coluw~ containing a mixture of bromo-
form and m-xylene. 
fraction data were ned from a stal 
fragment whose shape approximated to that a p el-
epi:ped h poundary faces defined by forms {001}, 
{010}, and {201}. al dimensions normal to these 
faces were 0.15, 0.25 ru1d 0.32 m.m respect A 
iminary mos city ck of crystal showed that 
the width at half-he of ense low-angle 
ref ctions was ace ably at 0 0.10 . Inten9ity data 
recorded as described in Chapter II. Attenuators 
were automati ly ins ed in the primary beam if 
tot scan count exceeded 150,000/sec. The ens es 
of three standard reflections were monitor throughout 
the data collection and showed no si icant variation. 
The a were scaled only to allow the er 
scan widths. A total number of 4087 ref ctions (both 
h k 1 h k 1) were collected this way, after 
averaging of equival forms, there was a total of 
1947 independen~ lections recorded within the r~~ge 
28 
0 < 26 <. 4-6° .of which 297 were considered unobserved as 
they had ensities less than a (I). 
Ab tion corrections were app ed b ore 
final refinement and the transmission factors ed 
om 0.68 to 0.83 for the 002 and the 021 reflections 
respectively. 
4-.2 Solution and Refinement 
The structure was solved, us the symbolic 
Chapter addition procedure as outl d 
Positive s (a phase of 0.0 ) were assigned 
to the two reflections 8 11 and 3 7 2 to define the 
origin and symbolic were assigned to phases 
of reflections 1 1 13, 10 6 9, 1 1 13, and the 
0 0 18 to initiate the symbo c addition procedure. In 
this way a self consistent set of signs was obtained 
for the symbols, and phases were .assigned to the 263 
data having IE! ) 1.5. il'he resulting E-map showed 
three predominant peaks which proved to be the sites of 
the three independent Co atoms. Pr iminary least-
squares refinement of the positional and isotropic 
thermal parameters yielded values for R1 ru~d R2 
and 0.33 respective 
0.26 
At this stage a novel m hod was used to locate 
the remaining atoms. For the five tricobaltenneacarbonyl 
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derivatives whose structures had :previously been 
ermined the laboratory conformations of 
CCo 3(co) 9 units were closely similar. The same 
ons of the carbon ~nd oxygen atoms found for one 
of these compounds, [C2co3(co) 9 ] 2 , were therefore 
assumed. se positions were sufficiently close 
approximations for the inement to oceed smoothly. 
Refinement of :pos ional and isotropic thermal 
:parameters for all 22 atoms converged at R1 = 0~080 and 
R2 = 0.090. Further ent with anisotropic thermal 
parameters for the Co atoms only (suggested by 
erence electron density maps) lowered R1 and R2 to 
0.066 and 0.076 respectively. was no evidence. 
of pronounced thermal anisotropy of the carbonyl groups. 
Examination of average values of the minimized 
function over r~~ges of !Fol and sin 8/A showed that 
the most intense reflections were being overweighted. 
The data were therefore reprocessed with ail increased 
value of 0.07 for the parameter 'p' in the expression 
for a(I). Absorption corrections were then applied 
a.YJ.d the equivalent forms were averaged. All parameters 
were then refined to convergence, the maximum :parameter 
shift on the last cycle being less than one-tenth of 
estimated standard deviation. 
A Per ective ew of 
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Examination of intense low angle reflections 
indicated that secondary extinction was appreciable. 
This effect was corrected for, assuming the angularly 
dependent extinction function derived by Zachariasen37 
and incorporating this into the least-squares equation 
as suggested by Larson38 . The actual function minimized 
at this point was I:w[( \F0 1-\Fc.l/2!)]
2 
where Z is given 
by the expression 
2 1 1 
Z = [g~I + (1+(g~I) )2]2 
In this expression~ is Zachariasen's polarization 
correction term, (1 + cos42e)/(1 + cos2 2e) 2 and the 
final value of the .extinction parameter g was 0. 4 ( 1) x 
106 . 
Final positional and thermal parameters for all 
atoms are listed in Tables 4.1 and 4.2 and observed and 
calculated structure factors for all 1650 reflections 
used in the refinement are given in Appendix B. 
Examination of the 297 reflections treated as unobserv-
ed showed no an.omalies of the type \Fcl >> \F0 \. 
4.3 Description of Structure and Discussion 
The crystal structure consists of well sE)?arated 
molecules of [CCo 3 (C0) 9 ] 2 ; the closest intermolecular 
contact is 3.07~. General perspective views of the 
whole molecule ·are shown in Figures 4.1 and 4.2, 
TABLE 4o1 
POSITIONAL AND THERI1AL PARAMETERS FOR [CCo3(co) 9J2 
Atom u11 
a 
u22 u33 u12 u13 u23 X y z 
Co(1) 0.40066(6) 0. 14L~7( 1) 0 .. 13720(5) Oo03168 Oo02697 0~02774 -0.0035br 0,00797 -0 .. 00290 
Co(2) Oo54591r( 7) 0 .. 2099(1) 0.1 18(6) 0.,03318 o.o2888 0,02866 0.,00144 0.01446 -0.,00065 
Co(3) 0 .. 44062(7) 0.3952(1) 0.,13716(6) -0.03410 0.02479 0.,02881 0.00271 0.00989 0~0035'1 
Table 4.1 (contd.) 
Atom X y z B(X2) 
C(11) 0.3060(5) 0.1738 ( 9) . 0.1651 (5) 2.9(2) 
c ( 12) o·.3528(6) 0.1228(9) 0.0403(5) 3.5(2) 
C(13) 0.4148(5) -0.038(1) 0.1620(5) 3.2(2) 
C(21) 0.6424(6) 0.3117(9) 0.1618(5) 3.3(2) 
c ( 22) 0.5925(5) 0.0406(9) 0.1649(4) 2.9(2) 
C(23) 0.5318(6) 0.1966(9) 0.0402(5) 3.6(2) 
C(31) 0.5161(5) 0.5359(9) 0.1656(4) 2.8(2) 
C(32) 0.3544(6) 0.4764(9) 0 .1625( 5) 3.3(2) 
C(33) 0.4061(6) 0.428(1) 0.0396(5). 3.7(2) 
C(1) 0.4868(4) 0.2492(7) 0.2121(4) 1 .. 8(2) 
0(11) 0.2464(4) 0.1899(7) 0.1832(4) 4.7(1) 
0( 12) 0.4208(5) -0.1563(8) 0.1754(4) 5.0(2) 
0(13) o. 17(5) 0.1106(8) -0.0217(4) 6.1(2). 
0(21) 0.7047(5) 0 .. 3707(8) 0.1749(4) 5 .. 1(2) 
0(22) 0.6239(4) -0.0660(8) . 0.1842(4) 4.7(1) 
0(23) 0.5225(5) 0.1880(9) -0.0232(5) 6.4(2) 
0(31) 0.5626(4) 0.6274(7) 0.1829(4) 4 .? ( 1) 
0(32) 0.2990(5) 0.5336(8), 0.1750(4) 5.1(2) 
0(33) 0.3820(5) 0.4522(9) -0.0232(4) 6.1(2) 
aThe dimensions of U .. are R2 and the expression for the atomic lJ 
temperature factor is 
2 2 2 
+ k2b* 2U 12 *2U exp[-2~ (h a~ u11 22 + c 33 + 2hka*c*U12 + 
2hla*c*u13 + 2klb~*u23 )J. 
TABLE 4.2 
Root-Mean-Square Amplitudes of Vibration (~) 
Atom 
Co(1) 
Co(2) 
Co(3) 
I>linimum 
0.154(2) 
0.149(2) 
0.151(2) 
Intermediate 
0.171(2) 
0.,171(2) 
0.172(2) 
Naximum 
Co ( 1) -Co ( 2) 
Co(1)-Co(3) 
Co(2)-Co(3) 
Co(1)-C(11) 
Co(1)-C(12) 
~Co(1)-C(13) 
Co(2)-C(21) 
Co(2)-C(22) 
Co(2)-C(23) 
Co(3)-C(31) 
Co(3)-C(32) 
Co(3)-C(33) 
C ( 1) -C ( 1') 
TABLE L,.3 
Bond Distances 
2.457(2) 
2.456(2) 
2.457(1) 
2.457(1) 
1.80(1) 
1. 78 ( 1) 
1.78(1) 
1. 79 ( 1) 
. 
1.78(1) 
1.79(1) 
1. 79 ( 1) 
1.79(1) 
1.79(1) 
1.79(1) 
1.37(1) 
(]() a 
Co(1)-C(1) 
Co(2)-C(1) 
Co(3)-C(1) 
C(11)-0(11) 
C( 12)-0( 12) 
C(13)-0(13) 
C(21)-0(21) 
C(22)-0(22) 
C(23)-0(23) 
C(31)-0(31) 
C(32)-0(32) 
C(33)-0(33) 
1.95(1) 
1.97(1) 
1.97(1) 
1.96(1) 
1.13(1) 
1.14(1) 
1.15(1) 
1.12(1) 
1.14(1) 
1.15(1) 
1.13(1) 
1.14(1) 
1.15(1) 
1.14(1) 
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aThe figures in parenthes6s are e.s.d. 1 s in the last significant 
figure. Mean values are calculated using the expression 
The e.s.d. of the mean value is calculated as a root mean 
square deviation using the expression 
0 (!) = [~(l-11 )~(N-1)]~ 
TABLE 4.4 
Bond Angles (Degrees) a 
C(1)-Co(1)-Co(2) 51.5(2) Co(1)-Co(2)-C(23) 98.3(3) 
C(1)-Co(1)-Co(3) 51.4(2) Co(1)-Co(3)-C(33) 99.~·(3) 
C ( 1) -Co(2) -Co(3) 51.3(2) Co(2)-Co(3)-C(33) 97 .9(3) 
C(1)-Co(2)-Co(1) 50.9(2) Co(2)-Co(1)-C(13) 99.6(3) 
C(1)-Co(3)-Co(1) 51.0(2) Co(3)-Co(1)•C(13) 98 .6(3) 
C(1)-Co(3)-Co(2) ,21.4(2) Co(3)-Co(2)-C(23) 99.6(2) 
51-3 98.9 
C(1)-Co(1)-C(11) 102.:5(3) Co(1)-Co(2)-C(22) 96.1(3) 
C(1)-Co(1)-C(12) 106.6(3) Co(1)-Co(3)-C( ) 100.5(3) 
C(1)-Co(2)-C(21) 107.0(3) Co(2)-Co(3)-C(31) 96.1(3) 
C(1)-Co(2)-C(22) 102.4(3) Co(2)-Co(1)-C(12) 101 .,0(3) 
; 
C(1)-Co(3)-C(31) 102 .. 5(3) Co(3)-Co(1)-C(11) 96.0(3) 
C(1)-Co(3)-C(32) 106o1(2) Co(3)-Co(2)-C(21) 100.6(3) 
106 .. 6 98.4 
C(11)-Co(1)-C(13) 99.1(4) Co(1)-Co(2)-C(21) 156.3(3) 
C(12)-Co(1)-C(13) 98.2(4) Co(1)-Co(3)-C(31) 151.3 (3) 
C(21)-Co(2)-C(23) 98.4(4) Co(2)-Co(3)-C(32) 156.0(3) 
C(22)-Co(2)-C( ) 99.0(4) Co(2)-Co(1)-C(11) 151 .5(3) 
C(31)-Co(3)-C(33) 99 .. 4( l!-) Co(3)-Co(1)-C(12) 156.5(3) 
C(32)-Co(3)-C(33) 99.3(4) Co(3)-Co(2)-C(22) 151.5(3) 
98.9 153.8 
Table 4.4 (contdo) 
Co(1)-Co(2)-Co(3) 60.0(1) 
Co(2)-Co(3)-Co(1) 60.0(1) 
Co(3)-Co(1)-Co(2) 60.0(1) 
6o.o 
C ( 11 ) -C ( 1) -Co ( 1) 134.5(Lt) 
C(1')-C(1)-Co(2) 1 .8( 4) 
C(1 1 )-C(1)-Co(3) 132o2(4) 
133-7 
c ( 1) -co·( 1) -C ( 13) 144.5(4) 
C(1)-Co(2)-C(23) 143.9(4) 
C(1)-Co(3)-C(33) 1L1-3,.6(4) 
144.0 
Co(1)-C(1)-Co(2) 77.6(2) 
Co(1)-C(1)-Co(3) 77.6(2) 
Co(2)-C(1)-Co(3) 77 <2 ( 2) 
77.'5 
C(11)-Co(1)-C(12) 97.4(4) 
C(21)-Co(2)-C(22) 97.8(4) 
C(31)-Co(3)-C(32) 97.5(4) 
97 .. 6 
Co(1)-C(11)-0(11) 178.7(8) 
Co(1)-C(12)-0(12) 177.0(8) 
Co(1)-C(13)-0(13) 179.1(8) 
Co(2)-C(21)-0(21) 176.2(8) 
Co(2)-C(22)-0(22) 178.1(8) 
Co(2)-C(23)-0(23) 179.9(8) 
Co(3)-C(31)-0(31) 178.5(8) 
Co(3)-C(32)-0(32) 175.7(8) 
Co(3)-C(33)-0(33) 178.,0(8) 
177o9 
a See footnote to Table 4.3. RMS.deviations are not given 
for mean values of angles assumed to be chemically 
equivalent because these usually far exceed the esd's 
of individual values. 
TABLE 4.5 
SELECTED INTRAHOLEOULAR NON-BONDED DISTANCES (~) a 
Those within one asymmetric unit 
C(11) 
C(11) 
C( 12) 
.... 
.... 
q •• 
C( 12) 
C(13) 
c ( 13) 
C(21) ••• C(22) 
C(21) ••• 0( ) 
C(22) .... C(23) 
C(13) 
C( 13) 
C(23) 
.... 
... 
0( ) 
0(33) 
0(33) 
0(31) 
0(31) 
0(32) 
0(11) 
. .. 
... 
0 ( ) 
0(33) 
0(33) 
0(32) 
0 ( 12) • • • 0 ( 22) 
C(21) ••• C(31) 
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Table 4.5 (contd.) 
Those between the two parts of the dimer 
O( 11) 0 •• 0 0(21') 
0(21) ... 0(22 1 ) 
0(31) ... 0( 32 i) 
0( 11) ... 0(11') 
0( 12) 
••• 
0(12') 
0( 21) ... 0(21') 
0(22) ... 0( 22 i) 
0(31) ... 0(31') 
0(32) ... 0( 32 I) 
0 ( 12) 0(31') 
0(22) ... 0 ( 32') 
observed 
* 
"' 
* 
* 
* 
* 
* 
calculated assum-
ing molecular 
mirror plane 
* 
2.42 
2.70 
2.72 
2.38 
2.Lf2 
2.72 
* 
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calculated assum-
ing molecular 
centre of eyrMJ1 et:ry 
3.39 
* 
* 
* 
*' 
* 
* 
* 
2.6'3 
2.61 
a Distances over 3.5 ~ are indicated by an asterisk. 
Average 
Reference g 
TABLE 4,6 
CARBON-CARBON BOND LENGTHS INVOLVING THE BRIDGING 
CA;RBON ATON IN DERIVATIVES OF YCCo3Cco) 9 
Co C-C 3 
[Co3(C0)9C2]2 a 
1 .. 37(1) 
Co8(C024)C6 o 
1 .. 36(3) 
[Co3(co) 9cJ 2 
1 .. 37(1) 
1 .. 37 
1 .. 37' 
c . - c 
sp sp 
a. Reference 
d,. Reference 
g. Reference 
4 
2 
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Co 
Co3C-C Co3C-C 
Co 
Co5(co) 15c3H 
b c6n5cco3(co) 6 
1.,46(2) 
co8Cco)24c6 
1 ,41+(3) 
c - c 2 sp sp 
e 
1 ,,!>r8 (2) 
c6u5cco3(co) 6 
1c47(3) 
1.,48 
1.45 
c - c 2 sp sp 
bo Reference 7 
e. Referenc 5 
c 
c 
Co3C-CH3 
cn3cco3(co) 9 
d 
1.53(3) 
cn3cco3(co)8P(C6H5)3 
1 .,50(2) 
1 ,Ll-6 
c . - c 
sp · sp3 
c. Reference 39 
f" Reference !1,0 
f 
lecule normal 
L~O 
indicating the numbering system used. Figure 4.3 is a 
stereoscopic view of the molecule. Bond lengths and 
angles are listed in Tables 4.3 and 4.4 respectively 
and Table 4. 5 contains selected intrBmolecular non-
bonded-distances, both as observed and also as 
calculated for two hypothetic_al molecules of higher 
symmetry. 
The molecule consists of two CCo 3(co) 9 units 
linked by di~ect bonding of the bridging carbon atoms, 
the crystallographic diad axis bisecting the central 
carbon-carbon bond so formed. The two Co 3 triangles 
are neither fully staggered as in the centrosymnetric 
4 [C2co 3(co) 9 ] 2 nor eclipsed, so that the potential ~3d 
or ~3h symmetry of the whole molecule is reduced in fact 
to an idealised 12_3 - 32 . The departures from the 
idealised state are, however, quite small and each unit 
retains its idealised c 3 - 3 symmetry. As may be - v m 
deduced from Figures 4.1 ru~d 4.2, the twisting of the 
rigid CCo 3(co) 9 units about their c01mecting bond is 
such as to minimise non-bonded repulsions between 
carbonyl groups. This is illustrated quantatively in 
Table 4.5 where actual non-bonded distances between CO 
groups from the two parts of the dimer are compared with 
those that would apply if the dimer were either eclipsed 
or fully staggered but with the dimensions of each 
r 
cco
3
(co) 9 unit unchanged. Although 
repulsions have been minimised by 
41 
CO non-bonded 
angle of twist> a 
Thus the dihedral es between the Co 3 triangle 
the planes formed by each Co atom its associated 
equatorial groups have an average value of only 24.0° 
compared with the value of 28° in [c2co3 (co) 9 ] 2 
4
, 29° 
in CH3cco 3 (C0) 9 
2
, and 32° in Co 3 (co) 10BH2N(C2 H5 ) 3 39 
in all of which compounds no such non-bonded repul ons 
may occur. 
The bond lengths and angles of the 
~~its are with one exception good agreement with 
those other compounds containing lar units. The 
exception is the set of Co-O (bridge) bonds whose 
average value of 1.96 (1)~ observed here compared with 
an average value of 1.915 ~ ( e 1.90- 1.92 X) 
observed for seven other compounds, and this must be 
considered a c erence. This cation 
of a weakening of the Co-O bonds ort by the 
fact that these bonds are much more easily ruptured by 
electron impact in the mass spectrometer than those of 
40 
say co 5 (co) 15c 3H • 
Of greatest importance, however, in the molecular 
structure is the central formally single 0-C bond of 
length 1.37 (1)~. In all cases where cco3 units are 
A ereoscopic View 
4-2 
linked through a conjug ed carbon a 
of C-C bond formed by 
carbon atom relat expe of an sp3 hybrid-
ised carbon forming a e b In s case, 
however, where there no intervening carbon chain, 
the bond is isola on it was hoped to reach 
firmer conclusions as to its nature and e, 
nature of the Co-C bridging bonds themselves. Carbon-
~~carbon single bonds as short as 1. 371 ( 5 )R have 
previously been r 2rted only in such mo cules as 
diacetylene41 where bo atoms concerned are formally 
sp hybridised. It is therefore assumed that the p 
character the outwardly directed orbit s of 
bridg carbon atoms been reduc approximately 
to level. Making the same as on for the 
ot compounds containing linked cco3 s it is 
found theJ?e is excellent eement between the 
observed bond lengths and those calculated for single 
bonds (see Table 4.6). agre is less good 
where bridging carbon is bonded directly to a 
terminal group, but still within s of error. 
appears that the outwardly directed orbital used 
by the bridging carbon om in forming a sigma bond is 
much reduced character relative to sp3. bri 
carbon is 1 with 3 electrons in edominantly p orb-
s available for bonding to the three cobalt atoms. 
CHA.PTER V 
Colourless well-formed crystals of -butyl 
ohexane-1 , 2-diol were obtai:..'led by recrystallis on 
from p ane, using a le ed by Dr .R. Little. 
c with a 
0 
c = 6.332 (1) A, 
y = 111.13 (6)0; 
d c = 1.90 g 
C10o2H20 , F.W. 1 .3 is tri-
12.268 (3), ~ = 15.921 (3), 
a .5 (2), ~ 114.45 (6), 
0 3. v 1049.9 A z = 4· 
' ' 
cm-3; 1-1C Cu-Ka) = 5.87 em Foss 
1 1 -
space groups are Q1 - P 1 or Qi - P 1. The c 
symmetric space group P 1 was assumed and s was 
c d by 
solution and 
dim ens 
a 
. 5' ~ 
a = 
subsequent successful cture 
inement. The reduc cell has 
11. ' b = '15. 92..1 ' c = 6. 3 
0 A, 
96 . r 108.68°, and is related to 
e 
cell used s ana s' by the ormation matrix 
a; 
l1 0 11 
a = 0 1 0 
0 0 1 
Unit c and crystal orientation parameters were 
obt d at room temperature ( ± 2°0) th Cu-Ka 
0 
ation (A 1.4518 A) using the least-squares 
44 
:procedure scribed Chapter II. Diffract 
were obtained from a crystal wi t;h faces defined by 
forms {010}, {110}, {111}, and dimensions normal to 
these faces of 0.15, 0.075, 0. mm respectively. A 
:preliminary check of the mo city of 
0 
acceptably low values 0.1 . 
crystal gave 
a were colle ed usingsc.ans of 0.8° and 1.2° 
in 28 composed of and 60 equal steps of one second 
duration for the ranges 28 < 70° and 70° < 28 < 88° 
respectively. ens es 2479 refle ons 
(made up from the edel equivalent r lections h k 1 
and were recorded and after averaging se 
equivalent forms the data set consi ed 
endent observations of which 1199 
1612 inde:p-
ensity I 
gr er than the standard error a(I). The factor p 
expression for a(I) was assigned a value 0.075. 
so ion corrections were applied a."ld transmission 
factors rang from 0.897 to 0.959 for the 3 5 and 
0 11 lections re ctively. 
5.2 Structure Solution and Refinement 
Two different methods were loyed in att 
to solve this structure before a correct solution was 
obtained. These were the symbolic addition cedure 
and the use of Patterson superpo tion techniques. 
45 
first lication.s of symbolic 
proc e were unsuccessful. To ass sy.mb c es 
to those a having IE! > 1.7, four symbols were 
requir Past experience has· shown for tri-
clinic case, determination of absolute for 
s;ymbols is very cult. Thus was necessary to 
evaluate f teen Fourier syntheses obtained from the 
permu"c ions the for the four symbols. Karle 
~0 
and Karle- have ested that calculating an E-
the al number of input should be ten times 
the er of non-hydrogen in asymmetric 
unit. To achieve 
mined for those 
number phases had to be deter-
having 'lEI > 1.3, approximately 
230 in number. 
The resultmLt Fourier syntheses did not reveal a 
chemically reasonable structure. Some large peaks 
at, or close to, the which was general 
indicative an incorrect on. Any which had 
a large arity of peak ights was assumed not to 
contain a true e of the structure. Fragments were 
indi ed in some cases, but in no case p ed 
opment of a complete structure. The main problems 
th s approach were an inab ty to determine the 
'correctness' (internal consistency) of a cular 
set. 
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Other attempts were made to solve the struc e, 
using erson superposition techni It was 
hoped that an e of the· structure could be readily 
extracted from the three-dimensional Patterson 
synthesis by superposition upon ther a rear-origin 
multiple hT. vector or a suspect Harker vector. 
Both types of vectors were us as starting points for 
multiple e superpo ions but the fficulty 
of s from resultant s was a 
or oblem. 
Prior to calculation of the erson 
co ents Fourier series ( s on (20) 
Chapter ) were modified to those which would have 
been obtained on centres were po 
atoms at rest. s process of sharpening inVolved 
modification of F(h k 1) such endence 
scatt factors on s 8/A., an.d ·the ects of thermal 
vibration are removed. The large origin pe was also 
partially removed. overall temperature factor 
scale factor were obtained, as described in Chapter 
and the sharpened coeffici. were obtained using 
expression: 
IF ( h k 1) 12 == 
s 
jF(h k 1) j2 e) 
N 2 N 2 N I:z /Ef - X 
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where 
in peak. 
second term removes a fraction x of or 
The superposition maps produced contained numerous 
peaks ch were 'sharp' but at best only p 
images were extracted. The results were not conclusive. 
After the structure been successfully solved, 
erson map was examined. A superposition was 
carried out using one of these vectors as a st ng 
point. Atomic sitions could be ascribed to peaks on 
resu ant map, but 
able from many others 
se pe 
the 
were indistinguish-
would have been 
difficult task to extract a true image from 
A correct solution 
achieved a c 
the structure was f 
application of the s;ymbolic 
s 
addition procedure and the tang formula. The origin 
was specified by assigning positive signs (a phase of 
0.0 e lections (2 0 1, 8 3 3, and 
5 5 1)' 
) to 
to ti e the symbo c addition 
cedure the signs of four reflections (2 2 0, 0 6 4, 
2 4 5 and 3 1 1) were es ed by symbols. Symbolic 
were determined for 120 data E ~ 1.7 
thus there were 15 possible E-maps to c cul 
excluding 
signs. 
case where all symbols have positive 
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To obtain a measure of the 'correctness' of a sign 
set and to reliably ext this sign set (i.e. to 
~increase the number phased data to include those 
with 1.7 > lEI ) 1.3) the t ent formula was used, as 
described Chap I. The value for R-Karle, as 
defined in Chapter III, was used as a guide to 
i~dicate which sign s would most probably reveal the 
structure. It was found that the tangent refinement 
which gave the lowest value for the , had 
correctly phased the 238 data having IE I ) 1. 3. Q:·he 
Fourier synthesis calculated with these signed lEI 
values as coefficients revealed all but one of the non-
hydro atoms in the asymmetric unit. 
Preliminary inement gave values for R1 and 
of 0.288 and 0.364 respectively. No corrections were 
made for anomalous scattering. The last non-hydrogen 
atom was located from a erence Fourier synthesis 
and the isotropic'model converged with values for R1 
and of 0.128 and 0.169 re ctively. Before the 
refinement procedure was continued the positions of all 
40 independent hydrogen oms were determined. Of 
these, 18 were in readily calculable positions (assum-
ing tetrahedral geometry of the ring atoms). aks 
were found, by difference Fourier techniques, which 
were very close/to all such calculated positions. 
4-9 
Another '18 of the hydrogen atoms were from methyl 
groups and the ])OS ons were determined by mat 
sets of three peaks from the Fourier maps to ali sed 
tetrahe geometry around each methyl carbon atom. 
The hydrogen atoms to be located were those bonded 
to the oxygen atoms. Their positions were ermined 
from a series of erence Fourier syntheses calculat-
ed with deer shells of data defined by a 
sin 8 value. Those pe attribUted to hydrogen atoms 
stayed consistently well above the noise level of 
difference maps. 
The refinement continued with all hydrogen atoms 
in fixed positions, with fixed isotropic 
temp 
02 . . 
e factors of 9.0A , and with sbtropic 
thermal parameters ascribed to the oxygen oms and the 
~-butyl group atoms. This st was taken to account 
for ir· consistently higher isotropic thermal para-
meters. The converged values for R1 and were 0.063 
and 0.068. the last cycle of refinement were 
all less than one tenth their estimated st&~dard 
de vi ons. A final difference Fourier synthe s 
revealed peaks whose heights were one half the height 
of the last hydrogen atoms which were located by this 
technique. The wei~hting scheme appeared to be satis-
factory in that the minimised function showed no 
/ 
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systematic dependence upon jF0 1 or sin 8/A. A 
structure or calculation the data considered 
to be uno1)s revealed no anomalies the type 
jFcl >> jF0 j. There was no evidence of secondary 
extinction amongst the intense low angle reflections 
ru1d no correction was applied. 
positional and thermal parame 
from the final cycle of least-squares 
obtained 
are 
ed in Table 5.1 to~ether the assigned 
positions for hydrogen a-toms. 
Derived root-mean-square amplitudes of vibration 
for the anisotropic oms are li ed in Table 5.2. A 
listing of the 
Appendix B. 
values of F0 and F 0 is given 
Subsequent to this refinement, interest was 
aroused the ent &.~d ty_pe of hydrogen bonding 
this crystal structure. Consequently, the positional 
thermal parameters of these hydrogen atoms 
involved were refined along with the rest of the 
structure. The results were inconclusive in that the 
overall ement was improved, but the errors in the 
positional parameters of the hydrogen atoms precluded 
any detailed ru~alysis of the hydrog~~ bonding. The 
final values for R1 and R2 after this refinement were 
0.050 and 0.062,respectively~ 
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The crystal structure determination 
e that mole es of 4-~-butyl-cyclohexane-
1,2-diol are, as expect 1~, 2~-isomer, wi the 
cyclohexane ring in chair conformation. A surr..mary 
the intramolecular bonding distances and a;."lgles is 
given T es 5.3 and 5.4. Figures 5.1 and 5.2 
show the atom lab within the two independent 
molecules asymmetric unit. 5.3 shows the 
c ents of two unit ce s and illustrates the 
extens inter-molecular hydrogen bonding folmd in tris 
cryst structure. 
molecular dimensions of this dial do not vary 
greatly from those previously rep ed for simila::: 
compounds. The endocyc c 0-0 distances the two 
cyclohexane rings have mean of '1.53(1) and 
0 
1.53 (''!)A re ectively, which compare favourably with 
0 
those found for myo-inosito (1.52 A), epi-ino o 
(1. X), cyclohexane-1,1-diacetic acid47 (1.54 X), and 
1 h 1 . ~ - h- 'd 48 (~ 52 A0 ) eye o- exy -amlne Hyaroc lorl e 1. . • The C-0 
bond stances within the ~-butyl groups average to 
1.53 (1)X for the two independent molecules, and the 
average value for the exocyclic bonds joining the t-
o 
butyl groups to the cyclohexane rings is 1.55 (1)A. 
TABLE 5 .. 1 
POSITIONAL AND THER!~AL PARANETERSa FOR C10o2H20 
Atom X y z u11 u22 u33 
0(10) 0.,4089(3) 0.,0573(2) 0., 7l<03(6) 0.07403 0.03576 0.,05677 
Q(11) 0~5170(3) 0.0900(2) 0 .. 2230(6) 0.05691 . 0.,03960 0.05371 
' 
0(20) 0.,2813(3) 0.0577(2) o. 264-0( 6) 0.01683 0.,05122 0.06290 
·. 
0(21) 0 .. 3098(3) -0.,1134-(2) 0.,2935(6) 0.05892 0.07553 0.,06662 
C( 16) 0.6370(5) 0.,3860(3) 0-.295(1) o. 06508 0.03619 0.06971 
C( 17) 0 .. 51+98(6) 0 0 1+278( 4) 0 .. 316(1) 0.,09163 o.o66L:-9 0.11302 
c ( 18) 0.7346(6) 0.3802(4) 0.537(1) 0.10673 0.07230 0.06991 
C( 19) 0.7126(6) 0.4508(4) 0.158(1) 0. 09L~60 0.04829 0 .. 11445 
C(26) -0.0652(5) -0.2916(4) -0.170(1) 0.05370 0.,04863 0.06122 
C(27) -0.0957(6) -0.3013 ( L}) -0.429(1) o. 101~13 Oo07710 0 .. 07524 
C(28) -0.0286(6) -0. 372L:.( ~l) -0. OLI-8 ( 1) 0.,09088 O.OLf884 0.10564 
C(29) -0.1863(6) -0. 2957(4) -0.150(1) 0.05169 0.10519 0.09373 
u12 u13 
0.01546 0.01893 
0.,01252 0.02103 
0.,00875 0.01878 
0 .. 03218 0.02403 
0.,00910 0.02928 
0.,03090 o.,q3618 
0.,02551 0,.00220 
-0.00198 0,05520 
0.00375 0.01921 
-0.004-65 0.03180 
0.,00911 0.02634 
-0,00433 0.02719 
u23 
-0.00338 
0~00194 
-0.,01232 
o.oo4L;.1 
-0.,00130 
-0.02375 
-0.02236 
-0.00767 
-0.00353 
-0.01949 
-0.00117 
-0.01_153 
\Jl 
[\) 
Table 5o 1 (contd.) 
Atom X y z B(li2) Atom X y z B(JI2) 
C(10) 0.4775(5) 0,1477 (3) Oo8303(9) 4.1(1) C(20) Oo1740(5) -0.0225(4) 0.,166L~(9) 4.,4(1) 
' 
C(11) 0.5750(5) 0., 1L:-5L:-(3) 0,0715(9) 3.9(1) C(21) 0.,1981(5) -0., 1055(3) Oo2986(9) 4.2(1) 
C( 12) 0 o6493( !J<) Oe21.·15(3) 0.1756(8) L~.2(1) C( 22) Oo0818(5) -0.1895(3) 0.1907(9) L;-.Lf(1) 
. 
C( 1.3) 0.,5632(5) 0.2912(3) 0.1771(9) 4.1(1) C(23) 0.,04-68(5) -0.2027(3) -0.0677(9) 4.,2(1) 
c ( 14) 0.4653(5) 0.2908(3) 0.,930L~(~) h,.,5(1) c C 2L:.) o.o2L~5(5) -0.,1183(4) -0.,1960(9) 4~9(1) 
C( 15) 0.,3888(5) Oo 19l.J-3(3) 0,8268(9) L:-,6(1) C(25) Oo 14-07(5) -0.,0323(br) -Oo0896(9) 5.1(1) 
Table 5.1 (contd.) 
Atom X y z Atom "'" y z ....
H(101) 0~523 0.182 0.728 H(201) 0 .. 104 -0.013 0.190 
.H(111) 0.637 0 .. 119 0.067 H(211) 0.215 -0.099 0.464 
H(121) 0.710 0.238 0.338 H( 221) 0.100 -0.242 0.277 
H( 122) 0.699 0.276 o .. o8o H(222) o.oo8 -0.1.81 0.208 
H( 131) 0.517 0.259 0.276 H( 1) 0.116 -0.214 -0.089 
H(141) 0.405 0.320 0.927 H(241) 0.010 -0.124 -0.362 
H(142) 0.511 0.327 0.827 H(242) -0.051 -0.111 -0.187 
H( 151) 0.341 0.160 0.923 H(251) 0.120 0.020 -0 .. 172 
H( 152) 0.328 0.197 0.664 H(252) 0.215 -0.038- -0.110 
H(171) 0.488 0.439 0.154 H( 271) -0.167 -0.358 -0.505 
H( 172) 0 .. 593 0.484 0.408 H(272) -0.017 -0 .. 301 -0. L~46 
H( 173) 0.490 0.382 0,388 H(273) -0.117 -0 .. 247 -0.514 
H(181) 0.695 0.330 0.631 H( 281) -0.098 -0 .. 434 -0.116 
H( 182) 0.777 0.437 0 .. 635 H( 282) -0.015 -0.374 0.125 
H( 183) 0.807 0.362 0.535 H(283) 0.052 -0.373 -0 .. 050 
H(191) 0.777 0 .. 426 0.147 H(291) -0.177 -0.293 0.014 
H( 192) 0.763 0.514 Oo231 H(292) -0.262 -0 .. 354 -0.225 
H(193) 0 .. 656 0.458 0.992 H(293) -0.217 -0.245 -0.238 
H(10) 0.351 0.069 0.510 H(20) 0.367 0.053 0.197 
H(11) 0 .. 510 0.013 0.204 H(21) 0.390 -0 .. 135. 0.502 
aThe temperature factor expression for the anisotropic atoms is 
exp[-2~2 cu11h2a* 2 + u k2b* 2 + u 12 *2 22 33 c + 2U hka*b* 12 
+ 2U13hla*c* + 2U klb*c*)] 23 
TABLE 5.2 
ROOT t-1EAN. SQUARE AHPLITUDES OF VIBRATION (~) 
Atom Hin. Int. iv~aXo 
0( 10) 0.,186(6) 0.240(6) 0.290(5) 
0(20) 0.,205(6) 0.268(5) 0.272(5) 
0( 11) 0.199(5) 0.232(5) 0 .. 249(5) 
0(21) 0.223(5) o.26o(5) 0.278(5) 
C( 16) 0.19(1) 0 .. 26(1) 0.27( 1) 
C( 17) 0.21(1) 0.30(1) 0.36(1) 
C( 18) 0.22(1) 0.29(1) 0.39(1) 
C( 19) 0.21(1) 0.30(1) 0.36(1) 
C(26) 0.20(1) 0.25(1) 0 .. 2?(1) 
c c 27Y 0 .. 23(1) 0 .. 29(1) 0.39(1) 
C(28) 0.22(1) 0.31(1) 0.36(1) 
C(29) 0.21(1) 0.31(1) 0.3?(1) 
TABLE 5o3 
BOND DISTANCES (~) FOR THE TWO INDEPENDENT r10LECULES a 
C(nO) - O(nO) 
C(n1) - O(n1) 
C(nO) - C(n1) 
C(n1) - C(n2) 
C(n2) - C(n3) 
C(n3) - C(n4) 
C(nL!-) - C(n5) 
C(n5) - C(nO) 
C(n3) - C(n6) 
C(n6) - C(n7) 
C(n6) - C(n8) 
C(n6) - C(n9) 
mean 
mean 
n = 1 
1.431(5) 
1 .. 448(6) 
1.508(6) 
1.537(6) 
1o536(6) 
1.526(7) 
1.543(6) 
1o514(6) 
1.53(1) 
1 .. 553(6) 
1.536(7) 
1.508(7) 
1.539(7) 
1.53(2) 
n = 2 
1.437(5) 
1.435(5) 
1.525(6) 
1.532(6) 
1.533(7) 
1.530(7) 
1 .. 549(6) 
1.51Lr(7) 
1.53(1) 
1 .. 552(6) 
1.541(7) 
1 .. 524(7) 
1.521(7) 
1.53(1) 
aThe figures in parentheses are e.s.d. 1 s in the last 
significant figure. Mean values are calculated using 
the expression 
1 = Z(l./a. 2)/Z(10. 2) ~ l. /' l. 
The e.~.d. of the mean value is·calculated as a root-
mean-square deviation using the expression 
1 
a(l) = [2(1- 1.) 2/(N- 1)] 2 
l. 
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BOND ANGLES' (DEGREES) FOR THE TWO INDEPENDENT MOLECULES a 
n = 1 n = 2 
O(nO) - C(nO) - C(n1) 108.5(4) 111.1(4) 
O(nO) 7 C(nO) - C(n5) 111 .. 5(4). 110.8(4) 
O(n1) - C(n1) - C(n2) 109.3(4) 110 .. 9(4) 
O(n1) - C(n1) - C(nO) 111.8(4) 109 .. 6(4) 
mean 110.3 110.6 
C(nO) - C(n1) - C(n2) 110.,0(4) 109. 7( b,.) 
C(n1) 
- C(n2) - C(n3) 113 .. 2(4) 112.9(4-) 
C(n2) - C(n3) - C(n4) 108 .. 7(4) 108 .,9( Lf-) 
C(n3) - C(n4) - C(n5) 111.8(4) 111 .. 7(b,.) 
C(n4) - C(n5) - C(nO) 110.5.(L~) 111.0(5) 
C(n5) - C(nO) - C(n1) 111.9(4) 111.6(5) 
mean 111 .. 0 111.0 
Table 5.4 (contd.) 
C(n6) - C(n3) - C(n2) 
C(n6) - C(n3) - C(n4) 
C(n3) - C(n6) - C(n?) 
C(n3) - C(n6) - C(n8) 
C(n3) - C(n6) - C(n9) 
C(n?) - C(n6) - C(n8) 
C(n?) - C(n6) - C(n9) 
C(n8) - C(n6) - C(n9) 
mean 
mean 
n ::::: 1 
112 .. 5(4) 
114.5(4) 
110o1(4) 
110Q9(4) . 
112o2(5) 
10?.4(5) 
'107 G 7(5) 
108.4(5) 
107.8 
n = 2 
112.2(5) 
114 .. 1(4) 
109.,8(5) 
110 .. 3(5) 
112.9(5) 
111 .. 0 
10?.4(5) 
10?.6(5) 
108.7(5) 
a As for Table 5.3 but e.s.d.'s for mean values are 
not quoted as these usually far exceed the e;.s.d.'s 
of the individual values. 
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TABLE 5.,5 
·TORS ION ANGLES (DEGREES) FOR THE TWO 
C(nO) - C(n1) - C(n2) - C(n3) 
C(n1) - C(nz) - C(n3) - C(n4) 
C(n2) 
- C(n3) - C(n4) - C(n5) 
C(n3) - C(n4) - C(n5) - C(nO) 
C(n4) 
- C(n5) - C(nO) - C(n1) 
C(n5) - C(nO) - c(n1) :.. -G(n2) 
O(nO) - C(nO) - C(n1) - C(n2) 
O(nO) - C(nO) - C(n5) - C(n4) 
C(n6) - C(n3) - C(nz) - C(n1) 
C(n6) - C(n3) - C(n4) - C(n5) _ 
INDEPENDENT HOLECULES 
n = 1 
-55e4 
55.,1 
-55.~-
57.0 
-56 .. 5 
55..3 
-178 .. 8 
178 .. 1 
-177 .. 0 
177 .. 7 
n = 2 
-57.2 
56.5 
-55o0 
55 .. 8 
-55.7 
55 .. 9 
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Figure 5.1 A Perspe View of First 
endent Molecule of c1 
60 
0 
The C-0 distances have an average value of 1.438 (6)A, 
which agrees well with·the values found for myo-
inositor 4 5 (1.429 R) and epi-inosito146 (1.430 ~). It 
was noted in these two compounds that the longer C-0 
distances are associated with oxygen atoms involved in 
more than two hydrogen bonds, as is the case for 0 (11) 
in this analysis. Although the difference for a 
particular compound is small, it must be considered to 
be real as it has been observed a number of times. 
The average endocyclic angle is 111.0°, which is 
similar to the values found for myo-inositol4 5 (110.7°), 
ep~inosito146 (110.0°), cyclohexane-1,1-diacetic acid4 7 
(111.1°) and cyclo-hexylamine hydrochloride48 (111.3°). 
The rulgles within the t-butyl group are significantly 
lower at 107.8° and 107.9° for the two independent 
molecules. This distortion, and also the long exocyclic 
bonds are consistent with the steric bulk of the t-
butyl groups. 
It can be seen from the torsion angles about the 
0-C bonds, as listed in Table 5.5, that there is a 
tendency for the cyclohexane rings to be flattened. The 
mean value is 55.9° which is significantly lower than 
the strain free value of 60° 46 The values found for 
. 't 14 5 d . . 't 146 myo-lnosl o an epl-lnosl o are 56. 8 and 56. 3 ° 
Figure 5.2 A Perspe 1ve of Second 
endent Mole 
6'1 
respectively. Another way of measuring this effect is 
to examine the angles between the normals to the three 
planes which define chain conformation of the cyclo-
hexane rings. ~he acYJ.gles between the placYJ.e defined by 
C'1'1, C'12, C'14 and C'15 and the planes defined by C'15, 
C'10, C'1'1 and C'12, C'13, C'14 are 5'1.0 m1d 49.3° as 
compared to a value of 49.2° calculated for strain-free 
cyclohexane. The corresponding angles for the second 
independent molecule are 50.8 and 49.8°. 
The geometry of the two independent molecules is 
the same within experimental error, except for the 
relative orientations of the atoms H('10) acYJ.d H(20). 
This difference is readily explained in terms of the 
intermolecular hydrogen bonding. The crystal structure 
consists of groups of four molecules which are 
extensively hydrogen bonded together to form discrete 
chains parallel to the crystallographic c axis. Each 
group contains foUr molecules, with a centre of 
symmetry relating two sets of the two independent 
molecules. The hydrogen bonds linking different groups 
together involve H(20), whereas atom H('10) is involved 
in hydrogen bondL1.g only within the groups of four 
molecules. There are four unique bonds in all, 
labelled A, B, C and D in Figure 5.3. The low 
Figure 5.3 A Stereoscopic View of the Cont 
Two Unit C ls of c10H20o2 
s of 
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precision of the hydrogen atom positions precludes any 
detailed analysis of the hydrogen bonding. The 
0 
0 -H ... 0 distances are 2.77, 2.77, 2.87, 2.90 A, all 
within the range found for unsymmetric hydrogen bonds49. 
The chains of molecules are discrete in that there are 
no nonbonded contacts between nonhydrogen atoms less 
0 
than 3.5A. 
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Crystal Structures of Two Isomers of c1 
6.1 
samples of se two eye c sulphites (isomers 
A B) were supplied by . M.P. Hartshorn. 
A sample isomer A was imed to give colourless 
well f als, one of ch was sealed a 
' 
capi tube, as compound subl sp aneous 
erature over a period of a days. 
opti active sample isomer B was obtained by re-
cryst lisation from pentane. This procedure was 
a ted il the proton magnetic resonance spectrum 
showed less than five r cent isomer A pres 
One tal of this sample was seal a lary 
tube for intensity colle on. D ties were not 
measured for ei compound as the li us to 
form a density gradi column disso the $amples 
before an accurate observation could be made. Unit cell 
o:c1.s and int ty data were obtained for both 
ounds as s ed in er II. details for 
each comp are now lined. 
Isomer A (M.P. C). 
' Crystal c Data - c10H16so3 , F.W. 216.3 is 
triclinic a = 7.417 (3), b = '10. ( 4)' c :::: 
0 
7.-127 (2) A, a :::: '1 09.01 (2), ~ 95.04 (2), 'Y = 90.96(2) 0 : 
V X3. Z = 2· d calc= 1. 
' - ' -
-1 2.76 em 
Pos e space '1 s are .Q1 -
1 -
or C . - P 1 . The 
-l 
c s;ymmetric ace group ~ 1 was confirmed by the 
successful structure so on and re Unit 
cell 
(23 
ons were 
) using 
d at room temperature 
0 ,radiation(~= 0.7107A). 
Diffraction a were obt d from a fragment 
whose shape approximat to that of a parallel ed 
with s defined by the forms {010}, {00'1}, { 100}. 
opposite es were 0.1, 0.37 and 0.25 mm respectively. 
Data were collected, using Zr Mo-Ka ation 
a scan 1.6° in 28 composed of one 
second 
in tens es of 2474 ections (both h k l and h k I) 
were recorded after of e 
r lections data set comprised '1339 independent 
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servations of which 657 I) 1.5 cr(I). The 
factor 'p' the ssion for cr(I) had a final 
of 0.075. sorpt corre ons were applied 
the trru~smission factors from 0.939 0.974 
for 0 1 0 2 1 0 refle ons respe 
Isomer B (M.P. 102°C). 
Crystallographic 
orthorhombic a = 
7.1 C1) A; v = 1084 
/1 
f.1(cu-Ka) 24.28 cm- 1 
- C1 6so3 , F.W. 216.3 is 
11.983 (1), b 12.625 (1), ~ 
x3; z 4; £calc= 1. gem 
obs extinct ; hOO, 
h = OkO, k = 2n+1; and 001, 1 uniquely 
defined the e group as - p 21 . Unit cell 
dim ens s were obtained room temperature ( 
using Cu-Ka1 ion (A. 1 . A). 
us for co ection of diffraction 
was approximately a sphere of radius of 0. mm. 
Data were col ed wi on 
us two scan ranges. The f st was used for data 
0 < 2 A ,{ 960 range v ~ had a dth of 1.6° 26 
compos of 80 one se steps. The second was for 
data the e 96 < 28 '< 1 and was of width 2.0° 
in 26 with 100 s of 0.8 seconds each. Background 
counts these two 
The ensities of 51 
members of the ,form {h k 1} except h k 1 and ii k 1) were 
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recorded and after averaging of equival r lecti 
e a set consisted of 1760 independent observations 
of which 1643 had I } I) . factor 'p' a 
value 
appli 
0.075. Spherical Absorption corrections were 
re the final refinements. 
6.2 
Although manner of s e solution diff 
for two compounds, the refinement was for 
both,the details of which are given Chapter . For 
both compounds corrections were made for the &'1.omalous 
scatt of S atom. course of each structure 
solution lS now outl d. 
Isomer A: The structure of s compound was f st 
solved us a data set collected by lm techniques. 
r:I:'he so3 
&YJ.d normal 
was located from a Patterson synthesis 
rest 
erence Fourier tecr~iques r 
the structure. The 
ined mo 
values for R1 
were 0.'180 
ed the 
0.222 based on a partially 
re ectively. A 
diffractometer ruld 
data set was co ected on the 
continued values 
for R1 and R2 of 0.088 and 0.121 respectively. The 
po ons of all hydrogen atoms were determined from a 
difference synthesis based on this model. The 
positional and thermal parameters of se oms were 
67 
included as vari es the r which converg 
values for R1 and R2 of 0.063 and 0.062 re 
ively. Shifts in the last cycle refinement were all 
ss than one tenth of ir e d staJ.J.dard 
devi ions. The weighting scheme was s sfactory as 
average values of the sed function showed no 
syst lC endence on !F0 i or sin 8/~. A structure 
factor calculation us the 652 a considered to be 
unobserved (those for whi I< 1.5 a(I)), showed no 
anomalies of the po and 
thermal eters obtained cycle of 
l s s refinement are list in Table 6 • ..-1. A 
l t of observed calculated structure 
amplitudes r t e included the refinement is 
given in Appendix B. ot-mean-square litudes of 
vibration for anisotropic atoms are given Table 
6.2. 
Isomer B: llowing unsucces atteEpts to 
solve problem the erson methods outlined 
for Isomer A, the e was determined by applicat-
ion of bo the sum of angles formula and the t ent 
formula. The origin was ermined by assigning phases 
e reflections, 0 55 (n/2), 1 7 0 (n/2), and 
5 0 6 (0). One of the two possible enantiomorphs was 
the phase for reflection 5 8 0 
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(n/2). In addition, symoolic phases were assigned to 
three reflections to facilitate the manual application 
of the sum of angles formula.· They were 2 5 6 (a), 
59 1 (o), ruld 6 2 0 (c). Repeated application of the 
sum of angles formula to those reflection data having 
lEI > 1.7 resulted in symbolic phases being determined 
for about 40 reflections, with some indications as to 
the values of the symbols. The most probable values 
were a = n/2, b n/4, and c = 0. There were contra-
dictions in the possible value of b, bothO and n/2 
appearing possible, so a value of n/4 was used to start 
with. These data were input to a tangent refinement 
program5° where the phases were refined, and phases 
were determined for an additional 200 data having 
lEI )·1.1. A Fourier synthesis, using as coefficients 
the phased lEI values, revealed a partial structure of 
SlX atoms; the sulphur, three oxygens, and two carbons. 
Least-squares refinement of the isotropic thermal 
parameters of these atoms with fixed positional para-
meters and overall scale factor gave a value for R1 of 
0.497· Phases from this partial structure were accepted 
as starting phases for a second tangent refinement if 
they satisfied two criteria: 
1) they were associated with reflections which 
had IE I ) 1. 5 
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2) that [Fe[ > 0.3\F0 [ as obtained from e 
partial model. 
The phases for 
and the tang 
reflections were obtained in this way 
ref r·esult from these starting 
s gave a final R- Karle value of 0. 277. This re-
eye procedure using the formula has en 
described elsewher 
re from this last tang ref 
ment reve '13 of t '14 non-hydrogen atomsin the 
assymetric unit. (It was subsequently f 3 
a toms of the e er parti s e were in fact 
spurious p s 
ed l atom. Least-squares ref of 
atom' model converg with values 
of 0.080 ru1d 0.'120 respectively. All of 
hydrogen oms were locat fro-::n a erence Fourier 
synthesis and their pos onal and is~ropic thermal 
eluded as variables further parameters were 
refinement, whi converged with values for R1 and R2 
of 0.063 and 0.089 respectively. thermal motion 
the so3 group was convert to &~ anisotropic model 
for these 
To 
culations. 
ermine absolute conf of· the 
molecule the inverse model was refined for one further 
cycle. This pr9C.uced values for R1 and R2 0.051 and 
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0.071, a cant difference. coordinates of 
this mo were subsequently used in all 
further calculations. In re"finement, which 
converg with values 0.0~9 and 0.063 for R1 
re ectively, methyl carbon atoms were also ass 
_; __ --. 
,, parameters. 
Shifts in the final cycle of least-squares refine-
ment were· all ss than one of their estimated 
standard devi ons. The weighting scheme was satis-
factory as average values of the sed function 
showed no syst ic dep ce on \Fo I or sin 8/"A. A 
structure factor calculation, us the 117 data 
considered to unobserved, i.e. those for which 
I < a(I), showed no anomalies t 
The positional and thermal parameters obtained 
from the cycle of leas squares refinement are 
listed in Tab 6. 3. A sting of the observed and 
calculated structure amplitudes for those data included 
in the refinement given in Appendix B. Root-mean-
. 
square amplitudes of vibration for the sotropic atoms 
are given in Table 6.~. For both structures ormation 
concerning the mean planes through selected groups of 
atoms, is summarised in T:1ble 6.9. 

6. 3 Description of Structures and JJi,s cussion 
The crystal structures of these two isomers 
consist of well separated monomeric units. The minimum 
non-bonded inter-molecular contacts are 3.43 and 3.37 ~ 
for isomers A and B respectively. A summary of intra-. 
molecular bonding distru1ces ~~d angles for both 
isomers is given in Tables 6.5 to 6.8. Figures 6.1 lli~d 
6.3 define the atom numbering system. Figures 6.2 and 
6.4 are stereoscopic views of each molecule. 
The molecular structures of these two compounds 
are normal in that there are no unusual bonding 
distances or angles. The geometrical isomerism arises 
from the different conformations of the five membered 
sulphite rings. The sulphur atom can be positioned in 
one of two ways with respect to this ring; a (below) .or 
~ (above)·. The exocyclic oxygen a tom cru1 adopt two 
conformations; quasi-axial (I) or quasi-equatorial (II), 
. Sl 
as described in Dansted's thesis. 
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TABLE 6o1 
Atom X y z U_,, 
I I u22 u33 u,2 u13 . u23 
s o.6299CLr) 0.,7626(3) 0 • 7751:,( Lt-) 0.06858 o .o84L:5 o.o63L:-2 O.OObc29 ~0.00977 0.0338L;. 
0( 1) 0.754-(1) 0.6589(7) Oo731(1) 0.09526 0.10771 0.12961 0.02858 =0 o 0097L~ 0.06270 
0(2) 0.6070(7) 0.8165(5) 0.5915(8) 0.,05888 0.06220 0.06270 -0.00017 ~0.00227 Oo02771 
0(3) 0.4331(9) 0.6979(7) 0.7310(9) 0.07030 0.14793 0.07878 -0.01744 -0.0154-7 O.O?L:-72 
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Table 6.1 (contdq) 
Atom X y z B(X2) 
C(1) 0,.363(1) 0.,84-00(7) 0.369(1) 3~6(2) 
C(2) 0.,473(1) 0.,74·10(7) 0 o L~ 30( 1) 4·o0(2) 
C(3) 0 .. 359(1) Oo6623(9) 0,.52L1-( 1) 4 .. 4(2) 
C(4) Oo 156( 1) 0~6868(9) o .. (2) 5 .. 1(2) 
C(5) 0.,109(1) 0"8005(8) 0.,4-49( 1) 4·e4(2) 
C(6) Oo178(1) 0.,7831(7) 0.,247(1) 3.,8(2) 
C(7) 0.250(1) 0.9096(9) o .. ( 1) L~.,8(2) 
C(8) o .. '100( 2) 0.876(1) 0 .. 145(2) 5G3(2) 
C(9) 0,159(2) 0 .. 6472(9) 0.,092(2) 5~3(2) 
c ( 10) o .. (2) o. (1) 0.,267(2) 5,.6(2) 
H(11) 0.,449(9) 0.,888(6) 0.,306(9) 4-( 2) 
H(31). 0.,368(9) Oo576(7) 0.45(1) 5(2) 
H(41) 0.,091(9) 0.601(6) 0.433(9) 3(1) 
H(42) 0.,88(1) 0.293(7) 0.36(1) 6 \ ) 
H(51) 0.98(1) 0.807(6) 0.468(9) 4(2) 
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Table 6.1 (contdo) 
Atom ~· y z B(~2) 
-"• 
H(71) 0.69~-(8) 0 .. 083(5) 0.328(9) 3( 2) 
H(72) 0 .. 77(1) 0.010(9) Oo47(1) 7(2) 
H(81) 0.090(9) 0,.965(7) 0.24(1) 5(2) 
H(82) 0.182(9) Oo870(6) 0.02(1) 4(2) 
H(83) Oo965(9) 0. 8L:-8 ( 6) Oo092(9) ~-( 2) 
H(91) 0.,24(1) Oo63i-:-(6) -0.01(1) 4(2) 
H(92) 0.201(9) 0 .. 580(7) 0.16(1) 5(2) 
H(93) 0.03(1) 0.629(6) 0.047(9) 3(2) 
H(101) 0 .. 639(8) 0.713(6) 0.231(9) 3( 2) 
H(102) 0.502(8) 0,.6Q~l(6) 0.151(9) 3(1) 
H( 103) 0.68(1) 0 .. 594(8) 0.32(1) 7(2) 
a The temperature factor expression for the anisotropic 
atoms is 
+ 2U hla*c* + 2U klb*c*)] 13 23 
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TABLE 6.2 
ROOT MEAN SQUARE AMPLITUDES OF VIBRATION (J?) 
FOR c10H16so3 (A) 
Atom Nin. Int. Hax. 
s Oo211(4) 0.283(4) o. 297( 4-) 
0(1) 0.227(9) 0.353(9) 0.378(9) 
0(2) o. (8) 0.240(8) 0.270(8) 
0(3) Oe202(9) 0.261(9) 0.407(9) 
TABLE 6«3 
POSITIONAL AND THERNAL PARA!-lETERSa FOR c10H16so3 (B) 
Atom X y z u11 u22 u33 u12 u13 u23 
s ', Oo9674(1) 0.9852(1) 0.0211(1) 0.,07473 Oo061L:-L:- 0"06~-4-2 0.,01382 0.,00091 Oo00597 
0(1) 0.,9639(2) 0.,0028(2) Oo218Li-(3) Oo 10675 0~09221. 0.,06170 o.oo683 -0.00972: 0.01293 
0(2) 0.0020(2) 0 o 09L}6 ( 2) 0.9223(3) 0.05989 Oo06918 0.06671 0.00731 0.,00356 0.0126Lf-
0(3) Oo8lt21 (2) 0.9871(2) 0.,9416(4) Oo079Li-2 o.oLr865 0.07937 -0.00063 ~0.01073 0. OOLr76 
C(8) Oo7201(4) 0.3004(3) 0.7022(6) 0.08020 0.,06561 0.07221 0.00989 -·Oo01290 Oo00132 
C(9) 0.,1981(5). 0.9391(3) 0.,6006(8) 0,10357 o.oL:.983 0.08082 Oo00697 Oo00602 -0.00066 
C( 10) 0.9352(6) Oo1417(5) 0.6179(6) o. 11634- Oo08334 0.05021 0.01866 0.02081 o.oo~.J+1 
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Table 6.3 (contd.) 
Atom X y z B(~2) 
C(1) o.o881(3) 0.76~·5(3) 0.6049(5) 4.27(6) 
C(2) o. 911 Lr(3) 0.'1513(2) 0.,8254(5) 4.1Lr(6) 
C(3) o.Bol.J-3(3) 0.0926(2) 0.8797(5) /;,.29(6) 
C(4) 0.7693(4) 0.8527(3) 0.5258(6) 5.27(7) 
C(5) 0.-.7362(3) 0.7380(3) 0.5593(5) 1+.66(7) 
C(6) 0.2061(3) 0.8188(2) o.6273(L() 4.28(6) 
C(7) 0.,1128(3) 0.7659(3) 0.3931(5) L~.99(7) 
H ( 11) 0 .. 968(3) 0.313(3) o.829(6) 6.1(9) 
H(31) 0 .. 759(3) 0.086(3) 0.756(6) 6.7(9) 
H(41) 0., 759 (3) 0.,888(3) 0.,645(5) 5.3(8) 
H(42) 0.,836(4) 0.859(3) 0.473(6) 7(1) 
H(51) 0.792(5) 0.712(4) 0.,644(8) '10(1) 
H(71) 0.,589(3) 0.658(3) 0.674(6) 5.6(8) 
H(72) 0.574(2) 0.792(2) Oo650(4) 3.3(6) 
H(81) o. 703(3) 0.230(3) 0.656(5) 5 ... 1(8) 
H(82) 0.760(3) Oo335(3) 0.577(6) 5.4(8) 
H(83) 0.651(4) 0.332(Lr) 0.718(6) . 7 ( 1) 
H(91) 0.667(4) 0. 550 ( IJ,) 0.519(7) 8(1) 
H(92) 0.694(5) 0.465(5) 0.891(9) 12( 2) 
H(93) 0.838(3) 0.475(4) 0.,800(7) 7(1) 
H(101) 0.001(4) 0.170(3) 0.595(6) 5(1) 
H(102) 0.887(3) 0.183(3) 0.535(5) 4.5(8) 
H ( 103) 0.949(4) 0.087(4) 0.593(6) 6(1) 
a As for Table 6.1 
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TABLE 6.4 
ROOT HEAN SQUARE ANPLITUDES OF VIBRATION (~) 
FOR c10H16so3 (B) 
Atom Hin~ Int. Nax. 
s 0,226(1) 0 .. 255(1) 0 .. 290(1) 
0(1) 0 .. 233(3) 0.310(3) o~ ( lj.) 
0( 2) 0.232(3) 0-242( 0.289(3) 
0(3) 0.219(2) 0.263(3) 0.301 (3) 
C(8) 0~238(5) Oo264(5) Oe303(5) 
C(9) 0,221(4) 0.282(5) 0.325(5) 
C( 10) 0.210(5) 0.275(6) 0.361(7) 
TABLE 6.5 
BOND DISTANCES (E) FOR c10H16so3 (A)a 
S-0(1) 1~L,4(1) C(1)-C(2) 1.51(1) 
C(2)-C(3) 1.53(1) 
S-0(2) 1.57(1) C(2)-C(10) 1.53(1) 
S-0(3) 1.60(1) C(3)-C(4) 1.53(1) 
1.59(1) C(~.)-C(5) 1.53(1) 
C(5)-C(6) 1.53(1) 
0(2)-C(2). 1.47(1) C(5)-C(7) 1.51(1) 
0(3)-C(3) 'I • L:·5 ( 1 ) C(6)-C(1) 1.56(1) 
1.46(1) C(6)-C(8) 1 .. 52(1) 
C(6)-C(9) 1.53(1) 
C(7)-C(1) 1.5Lr(1) 
1.53(2) 
aThe figures in parentheses are e.s.d. 1 s in the last 
significant figure. Mean values are calculated 
using the expressio~ 
The e.s.d. of the mean value is calculated as a root 
mean square deviation using the expression 
a(l) == 
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TABLE 6o6 
BOND ANGLES (DEGREES) FOR c10H16so3 (A)a 
0(1)-S-0(2) 
0(1)-S-0(3) 
0(2)-S-0(3) 
C(2)-0(2)-S 
C(3)-0(3)-S 
C(1)-C(2)-C(3) 
C(2)-C(3)-C(L:-) 
C(3)-C(4)-C(5) 
C(6)-C(1)-C(2) 
C(7)-C(1)-C(2) 
C(6)-C(5)-C(4) 
C(7)-C(5)-C(4) 
108.8(4) 
107.2(4) 
1'13.7(~') 
114QL:-(5) 
111.9(7) 
116.3(7) 
112.1(8) 
113.6(6) 
108.3(7) 
111.3(7) 
109.0(8) 
C(6)-C(1)-C(7) 
C(6)-C(5)-C(7) 
C(8)-C(6)-C(9) 
C(8)-C(6)-C(5) 
C(8)-C(6)-C(1) 
C(9)-C(6)-C(5) 
C(9)-C(6)-C(1) 
C(10)-C(2)-C(1) 
C(10)-C(2)-C(3) 
' C ( 10) -C ( 2) -0 ( 2) 
C(1)-C(6)-C(5) 
C(1)-C(7)-C(5) 
86.0(6) 
107 .. 0(7) 
113.8(7) 
110 .. 4(7) 
117.5(7) 
121 .. 7(7) 
114.4(7) 
1'13.3(8) 
105.6(7) 
85.5(6) 
86 .. 9(7) 
aAs for Table 6.5, but e.s.d. 1 s for the mean values were 
not calculated as they are much larger than an e.s.d. 
for an individual value. 
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TABLE 6.7 
BOND DISTANCES CR) FOR c10H16so3 (B)a 
S-0(1) 
S-0(2) 
S-0(3) 
. C(2)-0(2) 
C(3)-0(3) 
C ( 1) -C ( 2) 
C(2)-C(3) 
C(2)-C(10) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(6) 
C(5)-C(7) 
C (6) -C ( "1) 
C(6)-C(8) 
C(6)-C(9) 
C(7)-C(1) 
a . . 
As for Table 6.5 ·' 
1.606(2) 
1,604(3) 
1o605(1) 
1.473(4) 
1.1+74(3) 
1.474(1) 
1.514(5) 
1. 1(5) 
1.517(5) 
1~532(5) 
1.520(5) 
1.559(5) 
1 .. 516(5) 
1.5?8(5) 
1. (5) 
1.533(5) 
1.545(52. 
1 .. 53(2) 
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TABLE 6.8 
BOND ANGLES (DEGREES) FOR o10H,16so3 (B)a 
0(2)-S-0(3) 94.2(2) 0(6)-0(1)-0(?) 85.6(3) 
0(6)-0(5)-0(7) 8? .. 3(3) 
0( 1)-S-0(2) 108.0(2) 0(1)-0(6)-0(5) 85 .. 4(2) 
0(1)-S..,.0(3) 108.7(2) 0(1)-0(7)-0(5) 88.0(3) 
108.4 
0('1)-0(6)-0(8) 122 0 3 (3) 
0(1)-0(2)-0(3) 112 .. 1(3) 0(1)-0(6)-0(9) "l11 .. 2(3) 
0(2)-0(3)-0(!+) 115 .. 9<3) 0(5)-0(6)-0(8) 118 .. 8(3) 
0(3)-0(4)-0(5) 112.1(3) 0(5)-0(6)-0(9) 111 .. 3(3) 
0(6)-0(1)-0(2) 111 .. 9(3) 0(8)-0(6)-0(9) 106 .. 7(3) 
0(6)-0(5)-0(4) 111.3(3) 
0(7)-0(1)-0(2) 109.5(3) C(10)-C(2)-0(2) 106-.5(3) 
C(7)-0(5)-C(4) 108.7(3) C(10)-0(2)-C(3) 111 .. 6(4) 
C(10)-C(2)-0(1) 113.4(3) 
0(2)-0(2)-S 115Q8(2) 
0(3)-0(3)-S '111+.0(2) 
11499 
a As for Table 6.6 
TABLE 6 .. 9 
HEAN PLANES 
Atoms through which mean plane 
Plane 
is calculated 
I 0(2)~ 0(3), c ( 2)' C(3) of isomer A 
II C(1), c ( 2)? C(4), C(5) of isomer A 
III 0(2), 0(3)~ C(2), C(3) of isomer B 
IV C(1), C(2), C(4)? C(5) of isomer B 
Deviations (~) 
Atom Plane I Plane II Plane III Plane IV 
s 0.451 -0.223 
0(1) 
. 1 .892 -1.598 
0( 2) 0.002 -0.076 
0(3) 
-0.002 0.076 
C(1) 0.014 -0.001 
C(2) 
-0.003 -0.011 0.117 0.001 
C(3) 0.003 -0.087 -0.117 Oe 169 
C(4) 0.011 -0.001 
C(5) 
-0.014 0.001 
Figure 6.2 A Stereoscopic View 
C10H16S03(A) 
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Dansted51 had attempted to e ct the stereo-
chemis of the sulphite s by of the 
proton c resonance ctra of se two 
compounds. As the 0(10) methyl group was elded 
isomer B wi respect to isomer A ( asswued due to the 
c sotropy of S = 0 bond), it was argued 
that terminal oxygen om of the B isomer was 
quasi-equatorial ( ). The buckling ring 
em at 0(3) was also ct from the re 
between the coupling constants and dihedral angles for 
the 3~ hydrogen atom. 
The results of these structure analyses only 
partially confirm the predictions made by Dansted. 
been found that in the A isomer the sulphur atom is 
p (above) with re ect to the sulphite ring and the 
terminal oxygen atom is quasi-axi (I). isomer B 
t oxygen atom is quasi-axial (I), with 
the sulphur atom ~ (b ow) to the sulphite 
although not as far b ow as was above in isomer A 
0 0 (0.22 A versus 0.451 A). The buckling atom 0(3) can 
be describ terms of the deviation of s 
the mea:.'l plane through atoms 0(1), 0(2), · 0(4) and 
0(5). 
This group of atoms is not planar isomer A 
(Plane 0 ) with atom 0( 3) 0. 087 A below the mea.'l 
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This resulted bonds C(2)-0(2) C(3) (3) 
deviat of the atoms from the me~~ plane 
0(2), 0(3), C(2) C(3) (Plane I), wlnch has a 
value 0. In isomer B the greater as 
the deviation o C(}) from t mean ane (Plane is 
0 0.169 A. This is so reflected by the mean plane 
through the atoms C(2), 0(2), C(3) and 0(3) (Plane ) 
w.h.ich a value of 4224 (i.e. those are 
planar). 
It may also be not that a movement of C(3) to a 
position above or b ow me~~ re s in a 
movement C(10) methyl group away from or towards 
. 
the nearer of the two gem-methyl groups bonded to atom 
C(6). s confirmed by the closer approach 
0 
C( 10) in isomer A 3. 27 A cor:1pared to a stance of 
3. X for isomer B. Further dence this c 
interaction can be obt from a comparison of bonding 
es of the type C(9)- C(6) - C(1) for isomer A ~YJ.d 
C(8)- 0(6)- C(1) for isomer B with ang 1 e s C ( 9) -
C(6) - C(5) and C(8) - C(6) - C(5) for isomers A and B 
re ectively. The gre er angle with the C(6) -C(1) 
bond cates that the eric eraction between the 
0(10) methyl and C(9) methyl (isomer A) or C(8) methyl 
(isomer B) is relieved by this angle ormation. 
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A comparison of bonding distances of two 
isomers s no fferences whi cannot be lained 
in te:rms of eriment error. ( is worth not 
e a comp son the estimat standard 
ations the bond lengths angles of the two 
compounds shows the increas accur obtainable for 
se e of c ounds when diffraction· is 
measured using Cu-Ka radi on as oppos to Mo 
radiation. geometries the e rings are 
ar to that found for 2,2' chlortrimethylene 
e A comparison the relevant bonding 
le 6.10. The only 
dimens s whi differ are dist~~ces of type 
S- 0(2) and S- 0(3), and the e 0(2) -S-0(3). 
These differences are small but seem to rel to 
the erent constraints of a five and six member 
cyclic 
CHAPTER VII 
Crystal Structure of Dibenz~imedone, c 22B24Q2 
7.1 E:A'Derimental 
Colourless well formed crystals of dibenzyl 
dimedone, 5,5-dimethyl-2,2-dibenzylcyclohexane-1,3-
dione, were supplied by Dr M.H.G. Munro and were used 
without further recrystallisation. The compound was 
prepared by benzylation of dimedone under basic 
conditions. 
Crystallographic Data- c22H24o2 , F.W. 320.4 .is mono-
clinic with~= 10.845(1), Q = 9.371(1), Q = 
19.163(2) ~' ~ = 109.08(1) 0 ; v = 1840.5 ~3; z = 4; 
3 -1 d 1 = 1.16 gem- ; rr(Cu-K~) = 5.75 em . The -ca c t" 
observed extinctions hOl, l = 2n + 1; OkO, k = 2n +1 
uniquely indicate the centrosymmetric space group 
c~h- ~21 I c. Unit cell dimensions and their estimated 
standard deviations were obtained at room temperature 
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0 (23 ± 2°C) with Cu-K~ radiation(~= 1.5418A) using the 
least-squares procedure described in Chapter II. 
Diffraction data were obtained from a crystal with 
boundary faces defined by the forms {001}, {100}, {012}, 
ruJ.d {012}. Crystal dimensions normal to th~se faces were 
0.125, 0.2125, 0.3375 and 0.3125 mm respectively. A 
checl<: of cryst 
for ical refle 
mos city 
on.s to 
the J)e clth 
0 
acceptably low at 0.1 . 
D~ta were collected us a scan e of 1. in 
compos 60 st ~ of 1 se each with 15 second ,:;:; 
background counts. intensi es o.f 5473 lections 
~(inclading bo and Eki) having 0 < 28 < 114° were 
recorded s way. ter of equivalent 
refle ons, the a set consi of 2477 independent 
obs ons, of ch 1879 intens ies greater 
their standard errors cr(I). value for 
factor p was final s at 0.075. Absorpt 
corre ions were lied us Gaussian egration 
ssion from 0. to 0.944 for the 
0 10 1 0 2 0 le ions re ectively. 
7.2 Structure Solution and Refinement 
The structure was solved using a combination of 
the symb c addi on procedure the t 
ref ement proce The was ec ed by 
assigning positive signs (a phase. e of 0.0 ans) 
to the ee refle ion.s -1 1 15, 0 1 14, and 1 2 14. ' 
Symbo c signs were assigned to the phases of another 
e refle ons, the 2 2 0, 2 2 14, and 65 
and the relations was used to determine symbolic 
signs the 138 a having IE! > 2.0. tangent 
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formula was used to both end e 
s inc these data with lEI ) 1.6. An was 
calculat using 284 lections whose phases had 
been determined as values for the symbols as 
cat the S}~bolic addition procedure, and 
s revealed 1 of the non-hydrogen atoms the 
asymmetric unit. R-Karle for this · e set 
was 0.1 Preliminary least-squares ent gave 
values for R~ and of 0.13 &~d 0.186 re ect 
these, and some following structure factor calculat-
ions :phenyl s were treat as id grou:ps53,54 
constrained to the known geometry (D6 h syrr...:rrwtry, 
d(C-C) = 1.390X); variable ameters for the 
included an overall isotropic thermal :parameter, three 
orientation les and the coordinates the ring 
c Further r was carried out with an 
otropic model for the thermal motion of 1 but the 
phenyl carbon This produced s 
of 0.115 ffiLd 0.166 re ectively. All of the hydrogen 
were luded in those idealizedmtrahedral po 
which gave the be a least-squares sense, to 
appropriate Fourier peaks. With all the hydrogen atoms 
included in fixE;,d positions, and isotropic temperature 
f 02 of 8.0A 
others, 
empts were 
the phenyl 
restraint 
sotropic temp 
0. 
was obtained. T s 
for 0. 
last cycle 
r estimated 
ence synthesis r 
height of 
ar earlier c 
using those 
r phenyl 
refinement c 
0.107 re 
90 
o;l. 
ens and_ 9. OA f9r 
values 
Several 
to improve the but it was not 
s were removed the rigid 
individual oms assigned 
factors improvement 
inement c with values 
0.061 re ly. Shifts 
refinerr:ent were l less than 
deviations. A final differ-
hydrogen om from a 
ion. A structure factor 
considered to unobserved 
(I> a(I)) showed no anomalies of e I F c I >> I F 0 1 • 
ion and no 
thermal 
least-squares 
inement are Table 7.1. A ing of the 
served and structure s for those 
included in refinement is in Appendix B~ 
ot-mean square tudes of vibration are listed in 
T e 7.2. Info on concerning mean-planes 
ugh selecte<i 
/ 
s of ato11s is zed in Table 
Cg 
A 
7.3 Structure Desc.ription and Discussion 
The crystal structure consists of well separated 
monomeric molecules, the shortest intermolecular non-
bonded contact being 3.44~. A general view of the 
molecule is given in Figure 7.1 showing the labelling 
used and Figure 7.2 is a stereoscopic representation 
of the structure. A summary of bond distances and angles 
is given in Tables 7.3 and 7.4 respectively. 
·The cyclohexane ring is in a chair conformation 
with one end considerably flattened, due to the bonding 
requirements of the carbonyl oxygen atoms which can be 
described in terms of sp2 hybridisation of atons C(1) 
and C(3). This is illustrated by examining the angles 
· · (To.blel.S) 
between the normals to mean-planes I, II and III. The 
1\ 
angle between mean-planes I and II is 23.4° which, when 
compared to the value of 49.2° calculated for strain 
free cyclohexane56 , shows the considerable flattening 
induced by the 1,3 dione system. The angle between 
mean-planes II and III is 49.6° indicating no signific-
ant distortions of this :part of the molecule. 
The phenyl groups are very nearly :perpendicular to 
0 
each other, with a dihedral angle of 86.1 . The groups 
are essentially pl~~ar (Planes IV and V); no atom 
0 
deviates from the best mean-plane by more than 0.005A. 
The internal angles of both groups are all very close 
TABLE 7.1 
POSITIONAL AND THERH/\.L PARA1•!ETERSa FOR c22°2H24 
Atom X y z u11 u22 u33 u12 
0(1) 0.5122(2) 0.3111(2) 0.2918(1) 0.06259 0.05963 0.05800 -0.01237 
0(3) 0. 31 L:-8 ( 2) 0.0078(2) O.LI-151(1) 0. 0788L:- 0.09361 0.06183 -0.01~-73 
--
c ( 1) o.4L:-74(2) 0.2059(3) 0.2915(1) O.OLJ-326 0 c050LJ-8 o.oLr917 0.00212 
C(2) o. 1:-577(2) 0.1293(3) 0.3631+(1) o.oL:61L:- o.o522~l o.oL:-470 -0.001 L11 
C(3) 0.3363(2) 0. OLf19 (3) 0.3589(1) 0.05366 0.05576 0.05791 0.00008 
C(4) 0.2520(3) -0.0111-1 (3) 0. 285L:-( 1) 0.06316 0.06723 0.06287 -0.01782 
C(5) 0.2278(3) 0.0937(3) 0.2224(1) 0.05627 0.06796 0.05506 -O.O'i064 
C( 6) 0.3606(2) 0.1427(3) 0.2200(1) 0.05776 0.07032 o.o4LJ26 -0.00691 
C(7) 0.4-962(2) 0.2327(3) 0.4299(1) 0.05135 0.06209 0.04411 0.00341 
C(8) 0.5666(3) 0.0104(3) 0.3753(1) 0.051:-93 0.05511 0.06009 0.00520 
C(9) 0.1493(3) 0.2210(4) 0.2350(2) 0.05591 0.09366 0.08820 0.00415 
c ( 1 0) 0.1539(3) 0.0202(4) 0.1496 ( 2) 0.08990 0.10620 0.06820 -0 0 021}21:-
u13 
0.02334 
0.03568 
0.02071 
0.01704 
0.02379 
0.01712 
0.01257 
0.01722 
0.01301 
0.02141 
0.02185 
0.004-02 
u23 
0.00340 
0.01308 
0.00067 
0.00429 
0.00801 
-0.00239 
-0.00258 
-0.00246 
-0 .00~128 
0.00862 
o .oo8oLf 
-0.01130 
\_{) 
lv 
Table 7.1 (contd.) 
Atom X y z u11 u22 u33 u12 u13 u23 
C(71) 0.4022(2) 0.3525(3) 0.4271(1) 0.05445 0 0 06851+ 0.03576 -0.00023 0.007L:8 -0.01 03L:-
C(72) 0.4209(3) 0.4861(3) 0.4016(1) o .o847L, 0.065'10 0.05100 0. OOLf1+5 0 .0'14-83 -0.01101 
C(73) 0.3359(4-) 0.5987(4) o.Lf001 (2) 0.12182 0.07232 0.06461 0.01796 0.01183 -0.01239 
', 
C(74) o. 23'13( 4) 0.5772(5) 0. Lf24-9 ( 2) 0.0921:-3 0.11053 0.08246 0.034-87 0.00378 -0.03329 
C(75) 0.2127(3) 0. 4Lf66( 5) o.Lf513(2) 0.06659 0.12632 0 .089 1+3 0.01596 0.02249 -0.02826 
C(76) 0.2966(3) 0.33Lf1 (Lr) 0.4-531(2) 0.06360 0.09259 o .o683L, o .ooLr81 0 c 0231+6 -0.01590 
C(81) 0.6992(2) 0.0613(3) 0.3766(1) 0.051L:-1 0.05531 0.05598 0.00756 0.01873 0.004-69 
C(82) 0.79L0(3) 0.0963(3) 0.4-L:-24(2) 0 .056L:6 0.08237 0.06358 0.00627 0.01368 0.01172 
C(83) 0.9188(3) o. 1379(4) 0. 4-Li26 ( 2) 0.05501 0.0955Lf 0.08191 0.00061 0.00650 0.00576 
C(84) 0 0 9463(3) 0.1441(Lf) 0.3773(2) o. 05Lr21 0.0858Lf 0.10167 0.00206 0.03041 0.00546 
C(85) 0.8521(3) 0.1095(4) 0.3121(2) 0.06487 0.08789 0.08593 0.00111 0.03787 0.00067 
C(86) 0.7280(3) 0.0676(3) 0.3108(2) 0.05632 0.07361 0.06558 -0.00082 0.0269Lf ~0.00326 
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7.1 (contd.,) 
Atom X y z Atom X y z 
H(41) 0.1655 -0.0434 0.2893 H(61) 0.3456 0.2153 0.1795 
H(42) o. -0~ 1016 0.2728 H(62) 0.4068 0.,0578 0.,2068 
H(91) 0.0629 0.1888 0.2384 H(101) 0.1434 0.0862 0.1070 
H(92) 0.1985 0.2714 o. 2827 H(102) 0,.2010 -0.0683 0 .·1422 
H(93) 0.1 0.2915 0.1935 H(103) o.o64o -0.0095 0.1494 
H( 12) 0.5043 0.5032 0.3814 H(22) 0.7725 0.0915 0.4940 
H ( 13) 0.3529 0.7024 0.3791 H(23) 0.9924 0.1653 0. L:-953 
H( 14) 0.1 O. 66Lt5 0.4238 H(24) 0.0429 0.1766 0.3784 
H( 15) 0.1296 o .. 0.4709 H(25) 0.8734 0.1141 0.2602 
H ( 16) .0.2809 0. 228L} o. H(26) 0.6534 0.0403 0.2589 
H(71) 0.58 0 .. 2761 0.4337 H(81) 0.5344 -0.0618 0 .. 3343 
H(72) 0.5090 0.1759 0. L}766 H(82) 0.5773 -0.0397 0.4235 
a The temperature factor expression for the anisotropic atoms 
is 
Pr 2'?(U h2 * 2 + U k2t• 2 + ·U 1 2 • 2 + 2U hka*b* ex L- ,r- 11 a 22 3 3 c 12 
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'J:ABLE 7 ~ 2 
ROOT MEAN SQUARE AMPLITUDES OF VIBRATION (~) 
Atom Minimum Intermediate Haximum 
0 ( 1) 0.208(3) 0 .. 245(2) o. (2) 
0(3) 0.198(3) 0.284(2) 0.325(3) 
C(1) . 0.192(3) o. (3) 0.229(LJ-) 
c ( 2) 0.200(3) 0.217(3) 0.-233(4) 
C(3) . 0. 209( 4) 0.233(4) o. (3) 
C( 4) 0.217(4) 0., (4) 0.291(4) 
C(5) 0.219(4) 0.246(4) 0.274(4) 
c ( 6) 0.209(3) 0.234(3) o. 1(4) 
C(7) 0.209(3) o. (3) 0.253(4) 
C(8) 0.220(L}) 0.229(3) 0.259(3) 
C(9) 0.235(4) ,0.290(4) 0.316(4) 
C(iO) 0.230(4) 0.315(4) 0.358(4) 
0(71) 0.180(4) 0.242(4) 0.270(4) 
C(72) 0.212(4) 0.261(4) 0. 306 ( ~-) 
C(73) 0. 234( ~·) o. (4) 0.381(5) 
C(74) 0.234(5) o. 26)(L~) 0'.420(5) 
C( ) 0.240(5) 0.276(4) 0.388(5) 
0(76) 0 .. 235(4) 0.257(4) o. ( L,.) 
C(81) 0.213(4) o. (3) 0.250(4) 
c(82) o. (4) 0.260(4) 0.297(4) 
C(83) 0.227(4) 0.301 ( 4) . 0.319(4) 
c (84) o. (4) 0.290(4) 0.322(4) 
C(85) o. (4) 0.296(4) 0.299(4) 
C(86) 0.222(4) 0.258(3) o. 4(4) 
0 (~I) -C ( 1) 
0(3)-C(3) 
C(1)-C(6) 
C(3)-C(4) 
C(1)-C(2) 
C(2)-C(3) 
C(4)-C(5) 
C(5)-C(6) 
C(71)-C(72) 
C(72)-C(73) 
C(73)-C(74) 
C(74)-C(75) 
C(75)-C(76) 
C(76)-G(71) 
TABLE 7o3 
BOND DISTANCESa (R) 
1.210(3) 
1.216(3) 
1.213(4) 
1.507(3) 
1.502(4) 
1.527(3) 
1 Q (3) 
1.529(4) 
1.527(4) 
1. (1) 
1.383(4) 
1.395(4) 
1. 1(5) 
1.36L~(6) 
1o386(5) 
1.400(4) 
1.39 (1) 
C(5)-C(9) 
C(5)-C(10) 
C(7)-C(71) 
C(8)-C(81) 
C(2)-C(7) 
C(2)-C(8) 
' C (81) -C( ) 
C(82)-C(83) 
C(83)-.C(84) 
C(84)-G(85) 
· C(85)-C(86) 
C(86)-C(81) 
1o528(4) 
1 o530(~.) 
1 0 ( 1) 
1.506(3) 
1.506(1) 
1.546(3) 
1.585(3) 
1" ( 4) 
1.400(4) 
1.379(4) 
1.370(4) 
1" (4) 
1.395(3) 
1 .. 39 ( 1) 
aThe figures in parentheses are e.s.d. 1 s in the last 
significant figure. Mean values are calculated 
using the expression 
- ~c·· ~ 2);~c , 2) l = .z. l. 1 a. .w 1;a. l J. J.. 
The e.s.d. of the,mean value calculated as a root 
mean square deviation us the expression 
a(l) = [Z(l-1.) 2/CN-1)]~ 
J. 
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TABLE 7.L.L 
BOND ANGLESa (0) 
C(i)-C(2)-C(3) 113.2(2) C(4)-C(5)-C(9) 110.6(2) 
C(6)-C(1)-C(2) 118~4(2) C(4)-C(5)-C(10) 109.1 ( 2) 
C(2)-C(3)-C(4) 119.3(2) C(6)-C(5)-C(9) 110.Ll-(2) 
C(3)-C(4)-C(5) 113.8(2) C(6)-C(5)-C(10) 
C(5)-C(6)-C(1) 113.9(2) 109.8 
C(4)-C(5)-C(6) 107.7(2) 
C(9)-C(5)-C(10) 1~10~0(2). 
C ( 4) -C ( 3) -0 (3) 120.3(2) 
C (2)-C (3) -0(3) "120 Q 1 ( 2) C(2)-C(7)-C(71) "116.2(2) 
C(6)-C(1)-0(1) 12"i .0(2) C(2)-C(8)-C(81) 
C(2)-C(1)-0(1) 120.,5(2) 116o3 
120.5 
C(7)-C(71)-C(72) 120o8(2) 
C(3)-C(2)-C(7) 112 .. 3(2) C(7)-C(71)-C(76) 121.2(3) 
C(3)-C(2)-C(8) 102.7(2) C(8)-C(81)-C(82) 121.0(2) 
C(1)-C(2)-C(7) 111.7(2) C(8)-C(81)-C(86) 119.5(2) 
C(1)-C(2)-C(8) 106.9(2) .120.6 
C(7)-C(2)-C(8) 109.5(2) 
Table. ?.4 (contd.) 
C(71)-C(72)-C(73) 121.3(3) C(81)-C(82)-C(83) 
C(72)-C(73)-C(74) 119.6(3) C(82)-C(83)-C(84) 
C(73)-C(?4)-C(75) 119.8(3) C(83)-C(84)-C(85) 
C(74)-C(75)-C(76) 121.1(3) C(84)-C(85)-C(86) 
C(75)-C(76)-C(71) 120.3(3) C(85)-C(86)-C(81) 
C(76)-C(?1)-C(72) C(86)-C(81)-C(82) 
120.0 
aAs for Table 7o3? but e.s.d.'s for the mean values 
were not calculated as they are much larger than 
an e.s.d. for an individual value. 
120.0(3) 
120.1(3) 
120.1 (3) 
120.6(3) 
119.8(3) 
119.4(2) 
120.0 
Plane 
I 
II 
III 
IV 
v 
TABLE 7.,5 
HEAN PLANES 
Atoms through which mean 
plane is calculated 
C(1), C(2), C(3) 
C(1), C(3)9 C(4), C(6) 
O(LJ-), 0(5), 0(6) 
0(71), 0(72), 
0(81), C(82), 
'THE LIBRARY 
UNN!RSITY OF CANTSU.UIT 
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C(73), 
C(83), 
0(74)? 
C(84), 
·c( ) ~ 0(76) 
C(85), C(86) 
":00 
TABLE 7~6 
NON.:..BONDED INTRA:-10LECULAR DI-STANCES (~) 
0(1)-C(?) 2.81 0(3)-C(7) 2. 
0(1)-C(8) 3.20 0(3)-C(8) 3.07 
0(1)-C(72) 3.08 0(3)-C(76) 3. '16 
0(1)-C(81) 3. '17 
0(1)-C(86) 3.20 
exocyclic es 
of type 0(7)-0(71)-0(72) are o c se to 120° 
(range 119.5- 121.2°). The angles around t quater-
the phenyl s t 
cyclohexane ic-
antly from the ideal tetrahedral value. must be 
assumed s ses the crowding of 
grouJ!s by adjac atoms. 'Jlable 7. 6 
zes t lecular non-bonded contacts 
se atoms. This crowding also cated 
by the two bond 1 0(6)-0(2) and 0(8)-0(2) 
0 
1. 546 1.585 Are ectively. It ars that for 
phenyl om 0(8) 
mation does rel of t steric strain. 
The ring geometry in the vicinity of the carbonyl 
groups can be rationalized in terms the hybrid-
is of atoms 0(1) and 0(3). The ernal es 
eye hexane have been ormed in· a 
systematic way to accomrr.odate this e es 
at C ( 1 ) ( 11 8 . ) and 0 ( 3 ) . ( 119 . 3 ° ) are c 1 o s e r to 12 0 ° 
55 ( 0) than for ac one 116.4 , 1, cyclohexane dione 
(116. ), ~~d 4,4idiphenylcyclohexan8ne58 (116. ). The 
-
es at 0(2), 0(4) and 0(6) have also been increas 
beyond tetrahedral ru~gle to the s of 113.2, 
113.8 ru~d 113.9° re ectively. The angle of 0(5) is 
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reduceci 0 107.7 , an e ect observed before ch is 
probably a ct result of the enlarg angles at 0(1) 
and 0(3). 
The bonds 0(1)-0(6) 0(3)-0(4) are 1 
re ect to the other four bonds within the ring. 
A shortening one the 0-0 bonds to a carbonyl 
group been o·bserved 1 ., 4-cyclohexaned.ione56 
(1.505X) and 4,4-diphenylcyclohexanone57 (1.465X), 
which are similar to values of 1.502 ffi~d 1.507 
observed in this compound. 
The atoms 0(1), 0(3), 0(4) a~d 0(6) are 
ess ial (Plane II) with the oppo bonds 
slightly skewed. Atoms 0(1) and 0(4) are both above 
0 
the plane by 0.005A and atoms 0(3) and 0(6) are both 
b ow by 
noted 0(1) lies 
than does 0(3) 
be a result st 
carbonyl en atom 
The results of 
show.u that the postulat 
same amount. It may also be 
above this 
0 
0 
ane at 0. 2'1A 
0.'13A above plane. This 
c on between the 
a phenyl group. 
analysis have 
structure of Wynb is 
incorrect this compound. it can assumed that 
solution and so e conf ons approximate to 
each other then the or ass s of the nuclear 
magnetic resona~ce ctrum are orrect. 
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The phenyl group suggested to cause the majority 
of the shielding of the methyl groups in Wynberg's11 
model, corresponding to C(9) and C(10) in this 
compound, could not he the same as that which causes 
the shielding in dibenzyl dimedone. This is because 
the phenyl group in question, that bonded to C(8) in 
this structure, adopts a :position to one side of the 
cyclohexru~e ring and not directly beneath it. In fact 
the calculated values for shielding constac"lts in this 
compound are consistent with the observed data59. 
This structure has :provided a model conformation 
on which to base the interpretation of nuclear magnetic 
resona~ce spectra for similar compounds. 
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CHAPTER VIII 
Conclusion 
It was not until the work d~scribed in this thesis 
had been completed, that I felt able to approach a 
_problem with some certainty that its solutio:n. wo~J_ld be 
forthcoming using the direct methods described in 
Chapter III. Although I have been successful with the 
structural analyses that I have completed; the methods 
used are still far from being generally applicable. 
My first serious attempt at applying the symbolic 
addition procedure was in the solution of the structure 
of 4a-~-butyl-cyclohexru~e-'1~,2~-diol, described in 
Chapter V. As a structure in a triclinic space group 
had not been successfully solved with symbolic addition 
in this laboratory, there was some uncertainty as to 
where the errors (incorrect assignments of structure 
factor signs) were occurring. There were two stages 
where _problems could arise: firstly witD the determin-
ation of symbolic signs for those data with large lEI 
values, and secondly, and perhaps more im_portru1t, the 
determination of absolute signs for all those data to 
be included in the subsequent Fourier synthesis. It 
was felt that if the lEI limit was kept high enough the 
_possibility of errors occurring in the first stage 
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could be ignored. It then had to be decided, to whe.t 
degree attempts could be made to determine absolute 
signs fo:::: data with lower lEI values. As the number of 
symbols whose signs had to be determined was usually 
four, giving fifteen possible Fourier syntheses to be 
evaluated, it was desirable to determine some order in 
which this should be done. With program SAP there was 
no such facility. The lEI limit for the second stage 
was chosen so that there were ten to fifteen signed 
data for each non-hydrogen atom in the asymmetric unit. 
With this low lEI limit it was found that no 
chemically reasonable structure appeared. This was 
attributed to the number of incorrect sign determinat-
ions during the second stage of the symbolic addition 
procedure. By raising the lEI limit, it was felt that 
not enough data was being used to give a Fourier 
synthesis, with adequate resolution. 
It was not until my implementation of program 
DPHASE, that a reliable method was found to extend the 
sign set (increase the number of data for which 
absolute signs have been determined), and also to 
evaluate a reliability index in the R-Karle value. 
With the application of the tangent formula the 
structure was readily solved. The transfer between the 
two methods took place after the determination of 
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c for those data with lEI > 1.7, a."'l 
ace 
rect methods ed to non-
centro ic crystals was th 
solution of 
Chapter To initiate phasing procedure, 
syrnbolic es were ermined by hand for 30 to 40 
data having !EI > 1.7, after determination of the 
origin a."ld ass of the enantiomorph. These 
s are ones most prone to error. woul(L not 
be unusual to st a number times th ferent 
choices for the reflections. 
once al values for the syrrillo can be determined, 
ent formula can be us to both refine phas~s 
~~d increase the number of data whose es have been 
estimated. An R-Karle value of 0.2-0.3 would usually 
indicate a correct so on, although phase set 
wi the lowest R-Karle value would not necess ly be 
the correct one. 
Once a structural fragment has en correctly 
locat , the re a structure can usually be readily 
located by 
described by 
terative.use of the tangent formula as 
le60 . However, problems can still 
arise with space groups e P21 , with a phase s 
ref to lect a centrosymmetric distribution of 
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ectron dens , hence precluding a correct structural 
so on. 
conclusion, the success of ct methods 
ears to be dependent upon such factors as ace 
group, t completeness of the data set, and 
intuition of t user. se centro c 
structures for which s;ymbolic addition does not duce 
a so ion, ent formula can be almost 
work. With noncentros~rrmetric structures 
the·pos of error is much higher and hence a 
more sophisticated cision sequence re ed. A 
proce e rec d . " d61 escrloe , ty 
phases is anticipated and allow-ed for, provides such a 
sequence. s approach could greatly improve the 
power of direct p teclhYli s. 
ect methods are competitive with other 
crilliques for structure solution, as they give a more 
complete answer, more ckly, with a consequent saving 
ensive comput t 
SUPERPOSEri 
A.1 
COMPUTING SYSTEM 
ffiLGOUT 
I 
_i 
l 
I 
MAINJ!'ILE 
I 
I 
l 
I CUCLS 
CORFFEE 
1 
e features a er diff programs, 
but cause of hardware restri ons. The 
available computer was an 
core s e two 
Some details of 
360/44- wi 
ion characters 
1 bytes of 
di sto 
main programs used, shown in 
Figure A.1, are as follows: 
HILGOUT is the cessing program for 
co ected on the diffractometer; output s 
ins is on er e in: free format. This 
program is so used to 
crystallographically e 
parts of HILGOUT are 
Blount) aild CKOUT (R. J. 
sities of 
ctions. 
programs DRED (J.F. 
SHNORM e es overall scale and temperature 
factors 
calcul 
the 
co 
lson-plot method, prior to 
icients for a sharpened Patterson 
or liHC •• ..J.. ... L/ed structure factors. It also produces a 
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file tri:pl s of r lections h s the 
relat for use by was 
:parts I to III of NRC-562 ( C .P. er an.d 
F.R. sse) also some of II of NRC-463 (S.R. 
Hall).· 
SAP ses :p s IV the revised 
version of -463 (S.R. Hall F.R. Ahmed). 
attempts to det es for zed 
ors of centro tric e groups by use the 
s;ymb c ion :procedure. 
tric none symme c 
formula. It is derived parts and V of NRC 
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110 
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